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FOREWORD 

This  Omega  Navigation  System  Course  Book  was  prepared  by  TASC  for  the 
United  States  Coast  Guard  Navigation  Center  (USCG  NAVCEN),  Alexandria,  VA 
under  Contract  DTCG23-89-C-20008,  Task  Orders  90-0002, 91-0002,  and  92-0004. 
The  course  material  was  prepared  over  the  period  1990-1994  in  collaboration  with 
Omega  System  specialists  from  NAVCEN.  In  the  month  that  the  final  version  of  the 
Omega  Course  Book  was  published  (July  1994),  the  name  NAVCEN  replaced  the 
older  name,  ONSCEN  (Omega  Navigation  System  Center),  which  appears  through¬ 
out  the  text  of  this  book.  Readers  unfamiliar  with  the  recent  history  of  the  Coast 
Guard  administration  of  navigation  programs  should  be  awar  e  of  this  name  change 
when  perusing  the  course  material. 

The  principal  authors  of  this  Omega  Course  Book  are  from  TASC;  Peter  B. 
Morris,  who  wrote  Chapters  2,  3, 7, 8, 9, 11,  and  12;  Radha  R.  Gupta,  who  prepared 
Chapters  5  and  10;  Ronald  S.  Warren,  author  of  Chapters  1  and  4;  and 
Paul  M.  Creamer,  who  wrote  Chapter  13.  These  authors  are  also  the  primary  contrib¬ 
utors  to  Appendices  A  through  G  which  follow  the  1 3  chapters.  Special  recognition  is 
given  to  long-time  Omega  researcher  Eric  R.  Swanson  who  authored  Chapter  6.  Rec¬ 
ognition  is  also  extended  to  Joseph  A.  D’ Appolito  of  TASC  who  wrote  the  appendix 
on  Kalman  filtering  and  David  P.  Frank,  also  of  TASC,  who  contributed  to  Chapters  7 
and  8.  The  text  editing,  graphics  support,  and  formatting  of  the  book  were  scrupu¬ 
lously  overseen  by  Frances  C.  Sansalone  of  TASC.  Finally,  the  authors  wish  to  recog¬ 
nize  the  invaluable  assistance  and  support  of  Vinicio  Vannicola  and  other  members  of 
the  NAVCEN  staff  who  helped  to  make  this  book  a  reality. 
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PREFACE 


The  purpose  ot  this  book  is  to  provide  a  self-contained  presentation  of  theoretical  and  operational 
information  needed  to  understand  the  characteristics,  operation,  and  use  of  the  Omega  Navigation 
System.  It  is  designed  to  be  used  as  a  self-paced  learning  aid  or  in  a  classroom  environment  by  those 
primarily  involved  with  operating  and  maintaining  the  Omega  system.  Therefore,  it  is  structured  and 
written  in  the  format  of  a  course  book,  rather  than  a  reference  book.  It  is  assumed  that  the  reader  has  a 
physics  and  mathematics  background  at  the  level  of  an  associate  of  science  degree,  or  higher. 

The  book  includes  13  chapters  with  selected  chapter-specific  appendices  and  seven  general 
appendices.  Chapter-specific  appendices  are  directed  at  the  more  advanced  readers  and  contain  addi¬ 
tional  technical  details  that  are  relevant  to  the  specific  chapter.  The  general  appendices  include  supple¬ 
mentary  material  that  expands  upon  selected  topics  addressed  in  the  book  and  is  intended  to  further 
enhance  the  understanding  of  the  Omega  system.  The  course  material  addresses  all  major  components 
of  the  Omega  system,  with  emphasis  placed  on  signal  structure  and  utilization.  Topics  include:  Omega 
system  development  background,  signal  generation,  navigation  and  signal  propagation  principles, 
system  operations,  system  performance  evaluation,  system  utilization,  and  the  future  role  of  Omega  in 
conjunction  with  other  radionavigation  systems.  An  overview  begins  each  chapter  and  appendix, 
followed  by  introductory  material  and  the  technical  discussion.  Abbreviations  and  acronyms  are 
defined  at  the  end  of  each  chapter  and  appendix.  Sample  problems  with  solutions  and  problems  to  be 
solved  by  the  reader  appear  throughout  (answers  are  provided  in  a  section  following  Appendix  G). 

Chapter  1  present.''  a  general  description  of  the  Omega  system,  including  the  system  signal 
characteristics,  system .  'ties  and  limitations,  and  system  users.  Chapter  2  traces  the  history  of  the 

Omega  system  from  its  World  War  II  origins  to  the  present,  including  the  development  of  Omega 
transmitting  stations  and  receiving  systems,  user  support,  and  system  management.  An  overview  of  the 
station  capabilities,  equipment,  and  operational  procedures  is  provided  in  Chapter  3,  and  Chapter  4 
presents  a  general  overview  of  the  fundamentals  of  position  determination,  which  are  applicable  to  all 
radionavigation  systems,  including  Omega.  A  discussion  of  the  hyperbolic  and  rho-rho  techniques. 
Omega  lanes  and  their  resolution,  and  position  determination  using  Omega  phase  measurements  are  also 
provided.  Chapter  S  describes  the  very  low  frequency  signal  propagation  characteristics  and  concepts 
relevant  to  understanding  Omega  signal  propagation  characteristics.  This  includes  a  discussion  of  how 
the  Omega  signal  characteristics  vary  as  a  function  of  the  signal  path  properties  and  modal  interference 
phenomena.  Observed  Omega  signal  behavior  is  addressed  in  Chapter  6.  The  sources,  mechanisms, 
and  characteristic  signatures  (magnitude/duration/shape)  of  the  normal  and  anomalous  signal  behavior 


VI 


are  described  as  well  as  their  impact  on  Omega  navigation.  This  chapter  also  contains  general  guidance 
for  identifying  Omega  signal  behavior  under  normal  and  anomalous  propagation  conditions.  Chapter  7 
discusses  the  synchronization  of  the  Omega  system,  including  internal/ex  temal  synchi'onization  measure¬ 
ments  and  sources,  procedures,  and  performance.  ONSCEN’s  data  collection,  analysis,  and  processing 
procedures  are  presented  in  Chapter  8  together  with  a  summary  of  the  Omega  Regional  Validation 
Program  whose  objective  was  to  confirm  or  modify  predicted  Omega  system  performance  throughout  the 
oceanic  regions  of  the  world.  Chapter  9  explains  the  need,  development,  and  utilization  of  Omega 
propagation  corrections  (PPCs).  The  chapter  focuses  principally  on  the  structure  and  calibration  of  the 
models  and  algorithms  used  to  generate  the  PPCs.  Omega  Navigation  System  signal  coverage  products 
that  have  been  developed  from  the  early  period  of  the  Omega  system  to  the  early  1990s  are  identified  in 
Chapter  10,  This  includes  a  discussion  of  the  early  version  of  the  microprocessor-ba.sed  coverage 
prediction  system,  called  Omega  ACCESS.  The  overall  assessment,  evaluation,  and  quantification  of 
Omega  system  performance  (availability)  is  addressed  in  Chapter  11.  The  chapter  also  discusses  the 
early  version  of  the  Omega  system  performance  assessment  and  coverage  evaluation  computer 
workstation,  called  PACE,  which  implements  the  system  performance  assessment  algorithm.  Chap¬ 
ter  12  describes  various  uses  of  the  Omega  system  signals  and  typical  Omega  signal  processing  tech¬ 
niques  employed  in  modem  receivers,  along  with  the  effects  of  noise  on  the  receiving  system.  Chap¬ 
ter  13  describes  other  global  radionavigation  systems  and  signals  that  are  frequently  used  by 
multi-sensor  (integrated)  Omega  receivers.  Issues  regarding  the  future  of  Omega  in  the  context  of 
existing  and  planned  global  radionavigation  systems  are  aiso  addressed. 

The  seven  appendices  provide  additional  details  on  material  contained  in  the  13  chapters.  Appen¬ 
dix  A  describes  the  models  and  algorithms  available  for  predicting  VLF  signals,  including  those  that  have 
been  used  to  generate  the  Omega  signal  coverage/  performance  prediction  products  discussed  in  Chapter 
10.  Appendix  B  presents  additional  details  on  the  Omega  system  availability  index  computational 
algorithm  (described  in  Chapter  11),  a  version  of  which  is  used  in  the  Omega  system  performance 
prediction  computer  workstation  PACE.  A  detailed  discussion  of  capabilities,  features,  and  uses  of  PACE 
is  given  in  Appendix  C.  Details  of  Kalman  filter  techniques  (some  of  which  have  been  applied  in  the 
Omega  system  synchronization  procedure)  are  given  in  Appendix  D.  Omega  synchronization  uses  GPS 
(Global  Positioning  System)  signals  to  obtain  accurate  timing  information  to  synchronize  the  Omega 
system  stations.  An  overview  of  the  GPS  is  given  in  Appendix  E,  and  a  discussion  of  typical  GPS  user 
equipment  is  given  in  Appendix  F.  Appendix  G  provides  the  transmitting  station  parameters,  including 
system  operational  specifications,  annual  maintenance  schedule,  and  transmitting  antenna  parameters. 
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CHAPTER  1 
INTRODUCTION 


Chapter  Overview  —  This  chapter  presents  a  brief  introduction  and  overview  of  the 
Omega  hfavigation  System  with  an  end-to-end,  top-level  view  of  the  entire  system.  This 
overview  provides  a  basisfor  understanding  how  the  detailed  information  presented  in  the 
individual  chapters  in  this  book  fits  into  the  overall  context  of  the  system.  A  summary-level 
Omega  tutorial  is  provided  with  references  to  the  specific  chapters  where  the  details  on  the 
subject  are  contained.  Section  1. 1  pre.sents  an  initial  introduction  to  Omega  in  terms  of  the 
three  major  .sy.<item  elements.  The  transmitting  system  is  introduced  in  Section  1.2, 
fundamental  characteristics  of  Omega  signal  propagation  are  provided  in  Section  1,3  and 
Section  1.4  addresses  the  use  of  Omega  signals  hy  the  end  user.  Problems,  including  both 
worhed-out  examples  and  those  to  be  solved  by  the  reader,  are  given  in  Section  1.5. 

1.1  WHAT  IS  OMEGA? 

Omega  is  a  worldwide,  internationally  operated,  ground-based  radio  navigation  system,  operat¬ 
ing  in  the  very  low  frequency  (VLF)band  between  10  and  14  kilohertz  (kHz).  Its  purpose  is  to  provide  a 
continuous,  medium  accuracy  aid  to  navigation  intended  primarily  for  air  and  marine  en  route  oceanic 
navigation  and  domestic  en  route  air  navigation.  The  nominal  fix  accuracy  of  Omega  is  two  to  four  nau¬ 
tical  miles  (nm),  While  not  originally  intended  for  land  navigation  or  non-navigation  purposes,  Omega 
is  being  used  in  a  number  of  terrestrial  navigation/location  and  time/frequency  dissemination  applica¬ 
tions,  The  Omega  system  consists  of  eight  widely  separated  transmitting  stations  that  emit  continuous- 
wave  VLF  signals.  An  Omega  receiver  determines  position  from  range  measurements  based  on  the 
phase  of  the  received  signals  from  two  or  more  Omega  stations,  or  by  phase  comparisons  between  sig¬ 
nals  of  .selected  pairs  of  Omega  .stations,  which  produce  intersecting  lines  of  position. 

Omega  grew  out  of  research  in  long-range  electronic  navigation  systems,  which  took  place  dur¬ 
ing  and  after  World  War  II.  Operational  Omega  stations  began  broadcasting  navigation  signals  in  the 
early  to  mid-1970s,  and  the  system  reached  its  final  eight-station  configuration  in  1982,  Omega,  the  last 
letter  of  the  Greek  alphabet,  was  chosen  as  the  name  of  the  system  because  in  the  early  system  develop¬ 
ment  in  the  1 9,50,s,  it  was  thought  that  1 0  kHz  was  the  lower  end  (longest  wavelength)  of  the  usable  radio 
spectrum.  The  Omega  System  history  is  provided  in  Chapter  2. 

The  Omega  System  consists  of  three  major  elements: 

•  Transmitting  System 

•  Signals  in  the  Earth- Ionosphere  Medium 

•  Receivers  and  Navigation  Computers. 


Although  each  of  these  major  system  elements  is  a  separate  entity,  overall  system  performance  and  the  abil¬ 
ity  to  navigate  satisfactorily  with  Omega  depends  on  the  perfonnance  of  each  element.  This  book  address¬ 
es  each  system  element  and  its  important  characteristics  in  detail.  A  complete  understanding  of  the  Omega 
System  requires  an  understanding  of  the  characteristics  of  all  tliree  system  elements  and  their  impact  on 
navigation  performance  as  viewed  by  the  end  user,  This  chapter  provides  a  brief  introductory  overview  of 
these  sy'-tem  elements,  referencing  the  chapters  in  this  bix)k  that  provide  the  appropriate  details. 


1.2  TRANSMITTING  SYSTEM 

The  Transmitting  System  consists  of  the  eight  transmitting  stations  and  the  procedures  required 
to  maintain  and  synchronize  these  stations.  The  eight  Omega  stations  are  identified  by  a  letter  from  A 
through  H  and  are  presented  in  Chapter  2.  Omega  is  operated  as  an  international  partnership  between  the 
United  States  and  Argentina,  Australia,  France,  Japan,  Liberia,  and  Norway.  Each  station  is  staffed  and 
operated  by  agencies  of  the  nation  in  which  it  is  located.  The  Japanese  Maritime  Safety  Agency  is 
responsible  for  synchronization  of  the  transmitted  signals  of  all  stations.  The  U.S.  Coast  Guard  Omega 
Navigation  System  Center  (ONSCEN)  has  operational  control  of  the  system  and  is  responsible  for  engi¬ 
neering  and  logistics  support  of  the  station  equipment.  Overall  coordination  of  operations  and  policy  is 
governed  by  the  International  Omega  Technical  Commission,  which  is  composed  of  one  member  from 
each  of  the  partner  nations  that  operate  the  Omega  Stations. 

The  synchronization  procedure  integrates  the  otherwise  autonomous  stations  into  a  system  and 
makes  it  possible  to  use  the  signals  to  compute  a  position  fix  anywhere  in  the  'vorld  where  usable  signals 
are  available.  All  operational  radionavigation  systems  (e.g..  Omega,  Navsiar  GPS,  Loran-C)  control  the 
transmissions  from  each  station  so  as  to  be  synchronous.  In  simple  terms,  the  ideal  system  would  derive 
the  signals  for  each  transmitter  from  a  single  common  frequency  source,  This  would  guarantee  that  each 
station  would  transmit  its  signal  at  exactly  the  same  time  with  exactly  the  same  phase,  Because  the 
physical  separation  of  the  Omega  transmitter  sites  is  thousands  of  miles  around  the  world,  it  is  neither 
practical  nor  realistic  to  use  a  single  frequency  source  for  all  eight  stations. 

Each  station  actually  derives  its  transmitted  frequencies  from  cesium  oscillators  (a  primary  and 
back-up  unit  at  each  station).  Cesium  oscillators  (commonly  referred  m  as  a  clock  or  frequency  stan¬ 
dard)  generate  a  frequency  that  is  highly  stable  over  long  periods  of  time  (better  than  1  part  in  i0’“  or  a 
drift  of  2,6  psec/month).  The  synchronization  procedure  corrects  (on  a  weekly  basis)  any  small  shifts  in 
the  transmitted  signal  phase  at  each  .station  so  that  from  the  user’s  viewpoint  all  eight  transmitters  appear 
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to  be  operating  from  a  single  frequency  source.  Between  the  periodic  synchronization  corrections,  the 
station  clocks  are  stable  enough  to  hold  the  phase  of  the  transmitted  signals  within  the  allowable  toler¬ 
ance  of  ±2  microseconds  relative  to  the  mean  epoch  of  the  eight  stations.  The  mean  epoch  of  the  system 
is  synchronized  to  within  ±1  microsecond  of  Coordinated  Universal  Time  (UTC).  Omega  synchroniza¬ 
tion  is  addressed  in  detail  in  Chapter  7. 

Primary  components  of  the  transmitting  station  include  the  liming  equipment,  VLF  transmitter 
and  the  antenna  system.  As  is  discussed  and  illustrated  in  ChapU :  2,  three  types  of  antennas  are  used 
today:  valley-span,  grounded  tower,  and  an  insulated  tower.  Only  Hawaii  and  Norway  use  the  valley 
span  antenna.  Three  stations  use  the  grounded  tower  antenna  and  three  use  the  insulted  tower  antenna. 
All  stations  radiate  a  nominal  power  of  about  10  kW.  Because  of  differences  in  the  antenna  system  effi¬ 
ciency  at  each  site,  the  input  power  supplied  by  the  transmitter  ranges  from  90  kW  to  1 65  kW.  The  differ¬ 
ence  between  the  input  power  and  the  radiated  power  is  dissipated  in  heat,  primarily  in  the  antenna 
ground  plane. 

All  stations  transmit  four  common  frequencies:  10.2  kHz,  11,05  kHz,  llVakHz,  and  13.6  kHz, 
In  addition  to  these  common  frequencies,  each  station  also  transmits  a  unique  frequency  that  can  be  used 
by  a  receiver  to  unambiguously  identify  the  station.  Ail  frequencies  are  synthesized  from  the  Cesium 
standard  and  controlled  by  the  timing  equipment.  Transmissions  are  sequenced  in  a  specified  format 
(shown  in  Chapter  2)  so  that  no  two  stations  transmit  the  same  frequency  at  the  same  time.  This  is  to 
prevent  confusing  the  receiver  with  simultaneous  transmissions  at  the  same  frequency  from  multiple 
stations  since  there  is  no  way  to  separate  the  received  continuous  wave  signals  for  processing.  A  contin¬ 
uous  wave  is  transmitted  by  each  station  at  one  of  its  five  frequencies  during  each  transmission  segment 
for  0.9  to  1 .2  sec  with  a  0.2  sec  silent  interval  between  segments.  This  complete  format  repeats  every  1 0 
sec.  The  sequence  of  frequencies  transmitted  by  each  station  in  each  of  the  eight  time  segments  is  unique 
and  provides  the  receiver  with  additional  information  for  unique  identification  of  the  received  signal. 
Additional  details  on  the  transmitting  system  are  provided  in  Chapters  2  and  3. 


1.3  SIGNALS  IN  THE  EARTH-IONOSPHERE  MEDIUM 

The  signal  is  “launched”  by  the  antenna  system  into  the  atmosphere  between  the  earth  and  the 
lower  ionosphere,  where  it  propagates  in  all  directions  for  several  thousand  miles  or,  under  some  condi¬ 
tions,  completely  around  the  world.  The  ionosphere  is  a  spherical  layer  of  electrically  charged  particles 
(concentric  with  the  earth),  which  bend  and  reflect  the  signals  thus  confining  the  signals  to  propagate 
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below  the  ionosphere,  rather  than  traveling  straight  out  into  space.  This  region  in  which  the  signals  prop¬ 
agate  is  referred  to  as  the  earth-ionosphere  waveguide.  The  waveguide  is  illustrated  and  discussed  in 
Chapter  5, 

Ideally,  Omega  signals  would  travel  with  uniform  intensity  and  phase  in  all  directions  through 
the  waveguide.  Unfortunately,  VLF  signals  are  influenced  by  various  physical  and  electrical  factors:  the 
height  of  the  waveguide,  which  varies  regularly  each  day  and  over  the  year;  ground  conductivity,  which 
varies  by  several  orders  of  magnitude  between  seawater  and  ice;  orientation  of  the  signal  path  relative  to 
the  earth’s  magnetic  field,  which  influences  the  propagation  properties;  and  the  physical  laws  and  char¬ 
acteristics  of  radio  waves.  Because  of  thc.se  factors,  the  phase  of  Omega  signals  is  not  a  simple,  uniform¬ 
ly  increasing  function  of  distance  from  the  transniiitcr  as  would  be  experienced  in  free  space,  I'hcrcforc, 
the  user  must  apply  propagation  corrections  to  the  phase  measurements  to  obtain  accurate  position  fixes 
with  Omega  (these  are  automatically  applied  by  modern  receiving  equipment),  Propagation  corrections 
arc  referred  to  as  PPCs  and  correct  the  measurements  at  the  user  locution  so  that  the  corrected  phase  is 
close  to  what  would  be  observed  in  free  spa(  c.  The  perturbing  influence  of  the  earth  on  the  signal  is 
effectively  removed;  this  greatly  simplifies  the  position  fix  calculations  since  u  simple  plmsc  vr.,  dUt«rn;e 
model  applies  under  all  conditions.  The  propagation  predictions,  of  course,  arc  not  perfect  and  cannot 
correct  for  all  of  the  disturbing  influences  of  the  real  world.  This  is  the  primary  reason  why  the  adver¬ 
tised  accuracy  of  Omega  is  2  to  4  nm  and  not  something  much  smaller.  Development  of  the  PPCs  is 
presented  in  Chapter  9  and  their  use  in  the  position  fixing  process  is  addressed  in  Chapter  4, 

Detailed  treatment  of  signal  propagation  tlicory  for  Omega  is  presented  in  Cliuptcr  5  and 
ob.scrvcd  signal  characteristics  uic  presented  in  Chapter  6,  however,  it  is  useful  to  introduce  Iterc  some  of 
the  more  physically  intuitive  concepts  related  to  Omega  signal  prupagalion  since  the  theory  gets  nuiicr 
involved.  A  major  innucncc  on  the  signal  propagation  wlililn  the  waveguide  is  the  liciglit  of  the  wavc' 
guide,  which  is  not  constant.  The  waveguide  in  daylight  has  a  hclglii  of  about  70  km  whereas  its  height  in 
darkness  is  about  90  km,  due  to  the  absence  of  solar  radiation,  'I’lic  phase  of  usable  signals  is  the  most 
predictable  when  the  entire  waveguide  is  in  daylight  or  darkness,  l,r„  when  the  reflective  boimdury  of 
the  ionosphere  is  approximately  constant  along  the  path.  The  phase  is  less  predictable  on  paths  having 
both  daylight  and  dark  portions,  I'or  these  paths,  the  corresponding  I'l'Cs  arc  less  accurate  and  the  result¬ 
ing  fix  accuracy  of  Omega  lends  to  be  somcwlial  worse. 


Slgi'iiil  jtiuj'uigiiiiuii  Ijecojiics  iiiore  coinpleA  svhtii  a  j>atli  iiicluiUs  bulli  day  and  riiglit  jaaiiuiiT, 
Wlicn  the  sunrisc/sunsel  line,  or  terminator,  crosses  the  signal  ptopagalloii  path,  the  path  is  sitltl  to  be  In 
transition,  'I  he  transition  region  is  where  the  ionospheric  lieiglit  changes  lioin  Its  nlgtiiiiine  nuixiiniiMt  to 
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it»  daytime  minimum.  In  }iomc  cusci  this  transition  is  rather  abrupt  relative  to  the  signal  wavelength  and 
can  introduce  abrupt  changes  in  the  signal  phase  characteristic  relative  to  tlie  uniform  predictable  change 
in  phase  with  distance  from  the  transmitters,  This  means  that  if  a  user  is  stationary  and  observing  the 
phase  of  a  received  signal,  there  could  be  a  rapid  change  in  the  observed  signal  phase  even  though  the 
receiver  is  not  moving.  Thus,  if  the  user  is  moving,  it  may  be  difficult  to  differentiate  between  the  change 
in  phase  due  to  vehicle  motion  and  phase  error  induced  by  transition,  This  rapid  change  in  phase  can  lead 
to  a  condition  referred  to  as  cycle  jump  or  lane  slip,  which  is  addressed  in  detail  in  Chapter  6,  The  transi¬ 
tion  effect  is  less  pronounced  when  the  terminator  Intersects  the  prt>jJagailon  path  at  right  angles  and 
most  apparent  when  the  terminator  crosses  the  propngution  path  very  rapidly  at  u  very  shallow  angle,  In 
fact,  for  crossing  angles  of  less  than  5  deg  it  is  generally  recommended  that  the  station  be  deselected  and 
not  included  in  the  jmsiiion  fix  calculaiion, 

Knowledge  of  the  signal  phase  velocity  Is  necessary  so  tltc  receiving  equipment  can  make  the 
irutisfoiiuulioit  between  measured  phase  and  dlstanec  to  the  transmitter,  At  atty  of  tlic  tiansmitlcd  fre- 
ijOCMclri,  an  Omega  signal  may  propagate  In  several  different  ntodcs,  however,  for  most  signal  paths 
beyond  about  1000  km  from  the  transmitter.  Mode  1  tendstobedonjinani,  This  h  the  fundamental  mode 
of  the  Omega  signal  and  the  Mode  1  phase  velocity  Is  always  used  In  the  PI'C  algorithm  that  corrects  the 
signal  phase  prior  tt)  the  position  fix  calculation.  'I'liis  means  that  If  the  signal  Is  not  dominated  by 
Mode  1,  a  significant  error  can  be  Introduced  Into  the  fix  culculutlons,  Under  this  condlilon  the  signal  is 
referred  to  as  being  modal  and  is  not  usable. 


A  figure  of  merit  used  to  chaiactcri/c  the  degree  to  which  a  signal  is  iiiodal  is  the  Mode  1  Domi¬ 
nance  Margin  (Ml  DM;,  which  is  a  measure  of  Mode  I  strength  iclativc  to  the  total  signal  strength,  l-'ur 
less  sophistivnied  receivers,  a  M I  DM  td  0  dll  is  desired  It  the  signal  is  to  I’v  coiisidvrc-d  usal'lf .  More 
sophisticalcd  receivers  can  peiform  satlsfaclurily  with  u  M I  DM  as  siiiall  as  I  dM,  It  Is  dilficult  and  usii- 
ally  Inipossible  to  deled  a  modal  signal  in  an  opcrulimial  cnviruniucnt.  Therefore,  mrrdal  interference  Is 
geiicially  predldcd  and  signals  Ihal  may  be  modal  arc  deselected  by  the  receiver  or  the  opciator.  Modal 
interference  exhibits  the  following  charucierlslics;  it  is  prcscni  at  ranges  less  than  lOOO  km  Irom  the 
ti  unsiiiillci;  it  Is  most  pievalcnt  at  night  In  ureas  noiihwcst  and  sunlhwcst  of  the  li  ansmitlci  ;  it  is  pai  ticu- 
larly  severe  when  a  noilliwesl/suutliwcsi  path  crosses  the  geomagneilc  equator;  and  it  always  oi  curs  at 
the  liausiniiiei  aiillpode,  wliicli  is  the  point  on  the  globe  diredly  (rpposile  the  lianMnlllei, 


Under  (.'un.dith.'Ms  when  (he  Unieg!!  signal  travels  uruund  Ihe  world  and  c!!.n  be  reccls'ed  Irom  Ihe 
o|tposlie  diieclluii,  llieie  Is  the  pdsslblDiy  o(  "long  paili"  propagiiiliui,  If  the  long  |>alli  signal  siir'iigib  Is 
sliiiiigL’i  iliiiii  ilie f.li'Ui  piUli  siieiigllK. which  isptrssllde;, the  recelvei will  inieipici  llic  vcliicle  as iiioving 


in  the  opposite  direction.  Long-path  propagation  is  most  likely  to  occur  when  the  direct  path  is  in  all 
daylight  and  the  long-path  signal  propagates  west  to  cast  in  darkness,  particularly  if  the  ground  conduc¬ 
tivity  is  higher  on  the  long-path.  The  associated  figure  of  merit  for  quantifying  the  severity  of  long-path 
propagation  is  the  short-  to  long-path  ratio  and  the  recommended  value  is  consistent  with  the  MIDM: 
6  dB  for  less  sophisticated  receivers  and  1  dB  for  more  sophisticated  receivers, 

The  signal  attenuation  rate  (the  rate  at  which  the  signal  strength  decreases  with  distance  along  the 
path)  is  greater  for  sunlit  paths  than  for  night  paths,  The  attenuation  rate  also  increases  as  path  ground 
conductivity  decreases.  Seawater  paths  have  the  highest  conduciivity  and  cause  the  least  attenuation 
while  paths  transitioning  fresh-water  ice  in  regions  such  as  Greenland  and  Antarctica  exhibit  the  greatest 
attenuation  rate.  The  earth's  magnetic  field  has  a  pronounced  effect  on  the  attenuation  rate.  Signals 
propagating  in  the  easterly  direction  experience  the  lowest  attenuation  rate  »hc  highest  attenuation  is 
experienced  by  signals  propagating  in  the  westerly  direction. 

Signal  strength  alone  docs  not  limit  the  utility  of  Omega,  It  is  the  level  of  the  signal  relative  to  the 
noise  in  the  receiver  bandwidtit,  generally  assumed  to  be  100  Hz,  that  limits  signal  usability.  Lightning 
discharges  associated  with  thunderstorm  activity  around  the  world  arc  the  primary  source  of  noise  in  the 
VLP  band,  The  electrical  discharges  generate  electromagnetic  energy  in  the  VLF  band,  which  propa¬ 
gates  like  the  Omega  signal.  At  any  moment  hundreds  of  discharges  occur  randomly  around  the  world; 
the  receiver  perceives  this  energy  as  noise  relative  to  the  desired  Omega  signal.  The  ratio  of  the  signal 
level  to  the  noise  level  in  the  receiver  bandwidth,  expressed  in  dB  and  referred  to  as  the  SNR,  is  the  figure 
of  merit  used  to  determine  whether  or  not  a  receiver  can  detect  and  satisfactorily  process  the  Omega  sig- 
iial.  These  and  other  signal  usability  factors  arc  addressed  in  Chapters  10  and  11, 

Older  icccivcrs  and  many  aircraft  receiving  .systems  require  an  SNR  that  is  higher  than  about 
-20  dD  ( 100  I  Iz)  whereas  modern  receiving  equipment,  especially  for  marine  applications,  can  provide 
usable  phase  measurements  with  an  SNR  as  low  as  -30  dB  ( 1 00  Hz).  An  SNR  below  these  signal-access 
thresholds  produces  nuise-induced  errors  in  the  phase  measurements  that  render  the  station  signal  unus¬ 
able  for  coinpuling  a  position  fix,  It  is  important  to  note  that  the  noise  level,  like  the  Omega  signal  level, 
is  a  cojiiplcx  function  of  time  of  day,  location  on  the  earth  and  the  time  of  year.  Although  atmospheric 
noise  is  the  dominant  noise  source,  there  arc  also  sources  of  man-made  noise  that  can  further  reduce  the 
received  SNR,  Of  particular  importance  in  airborne  applications  is  the  placement  of  the  Omega  antenna 
on  the  aii'ci  aft  and  noise  generated  by  other  electrical  equipment  such  as  motors  and  generatoi  s.  Refer  to 
Cliiiplcr  12  lor  additional  details  on  this  subject. 
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1.4  RECEIVERS  AND  NAVIGATION  EQUIPMENT 

The  typical  user  equipment  suite  consists  of  an  antenna,  receiver,  and  a  navigation  computer. 
The  antenna  system  includes  a  loop  (H-field)  antenna,  or  a  whip/blade  (E-field)  antenna  and  generally  an 
antenna  signal  preamplifier.  The  antenna  preamp  feeds  an  analog  input  stage  in  most  receivers.  The 
output  is  sampled,  or  digitized,  and  the  remainder  of  the  receiver  processing  is  digital.  Older  receiving 
equipment  performed  all  of  the  processing  with  analog  circuits  that  could  not  achieve  the  processing 
gain  associated  with  modem  digital  processing  techniques.  This  is  why  the  SNR  threshold  for  older  re¬ 
ceivers  is  typically  assumed  to  be  -20  dB,  and  -30  dB  for  modem  equipment. 

The  receiver  processing  detects  and  tracks  the  received  signals  from  each  station  and  measures 
the  phase  of  the  signals  relative  to  a  local  reference  or  oscillator.  The  number  of  frequencies  simulta¬ 
neously  tracked  depends  on  the  particular  receiver  implementation.  Also,  as  part  of  the  processing,  the 
receiver  must  identify  the  station  that  transmitted  each  of  the  frequencies  in  each  transmission  segment. 
The  received  signal  is  of  no  use  if  it  cannot  be  associated  with  its  transmission  source  because  the  goal  is 
to  obtain  a  measure  of  the  range  between  the  receiver  and  each  transmitting  station.  Since  the  location 
(latitude  and  longitude)  of  the  stations  is  accurately  known,  some  form  of  multilateration  with  the  indi¬ 
cated  ranges  is  used  in  the  navigation  computer  to  determine  the  latitude  and  longitude  of  the  receiver,  or 
more  precisely,  the  receiving  antenna.  Although  this  is  a  rather  simplistic  view,  it  serves  to  introduce  the 
fundamental  elements  of  the  signal  processing  and  position  fixing/navigation  process.  A  detailed  pre¬ 
sentation  of  navigation  and  position  fixing  with  Omega  is  contained  in  Chapter  4. 

At  10.2  kHz,  the  primary  Omega  navigation  frequency,  the  signal  wavelength  is  about  16  nm.  In 
terms  of  range  from  a  station,  each  wavelength,  or  cycle,  is  called  a  lane  within  which  the  signal  phase 
varies  from  0  to  360  deg.  The  receiver  can  only  measure  the  phase  of  the  Omega  signal  within  a  known 
lane;  the  range  to  the  transmitter  is  equal  to  the  number  of  whole  lanes  plus  the  fractional  part  of  the  lane 
indicated  by  the  phase  measurement.  Therefore,  as  the  platform  moves,  the  receiver  must  “know”  or  keep 
track  of  the  number  of  whole  lanes.  The  lane  count  can  be  determined  in  various  ways.  One  way  is  to 
compute  the  lane  number  at  a  location  that  is  known  with  an  accuracy  of  plus  or  minus  half  a  lane  and  then 
increment  (or  decrement)  the  lane  count  as  the  receiver  moves  from  one  lane  to  the  next.  Obviously,  use  of 
the  incorrect  lane  count  (due  to  a  lane  slip)  will  introduce  a  significant  error  into  the  computed  position. 

A  position  fix  can  be  determined  by  using  two  or  more  measurements  of  the  range  to  the  known 
locations  of  the  transmitting  stations.  Conceptually,  with  two  range  measurements,  a  user’s  position  can 
be  located  on  a  chart  by  determining  the  intersection  of  two  circles  with  radii  equal  to  the  range  measure¬ 
ments  and  centered  on  their  respective  transmitting  station.  This  is  called  the  direct  ranging,  or  rho-rho, 
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mode  of  position  fixing  and  the  circles  are  referred  to  as  lines  of  position  (LOPs).  Two  circles  will  actu¬ 
ally  intersect  at  two  points:  the  true  fix  point  and  an  anomalous  fix  point.  These  two  points  are  generally 
widely  separated  positions  and  it  is  usually  straightforward  to  resolve  the  ambiguity.  If  a  third  range 
measurement  is  available,  the  rho-rho-rho  mode  is  used,  the  equivalent  of  drawing  a  third  circle  to  pro¬ 
vide  an  unambiguous  intersection  of  all  three  circles  at  the  fix  point.  Multiranging  with  three  or  more 
stations  is  the  preferred  mode  since  the  receiver  does  not  require  a  precise  reference  oscillator  (e.g.. 
Cesium  clock)  that  is  needed  to  implement  the  rho-rho  mode.  Alternatively,  the  hyperbolic  (range- 
difference)  mode  can  be  used  if  three  stations  are  available. 

In  the  hyperbolic  mode  of  navigation,  the  receiver  measures  the  difference  in  the  signal  phase 
between  pairs  of  transmitters.  The  resulting  LOPs  are  families  of  hyperbolas  and  the  fix  is  established  as 
the  intersection  of  hyperbolas.  Before  the  availability  of  efficient  on-board  digital  computers.  Omega 
navigation  used  precomputed  hyperbolic  LOPs  plotted  on  paper  charts.  The  receiver  displayed  the 
phase  difference  which  was  then  plotted  by  the  navigator  on  the  chart  to  determine  the  position  of  the 
craft.  Today,  the  fix  determination  process  is  fully  automated  and  most  navigation  equipment  uses  all 
available  signals  to  provide  a  best  determination  of  craft  position.  These  signals  may  even  come  from 
systems  other  than  Omega,  such  as  the  Navy  VLF  Communications  System  or  the  Russian  Alpha  Sys¬ 
tem,  which  is  similar  to  Omega. 

Most  modem  airborne  Omega  navigation  equipment  routinely  uses  the  VLF  communications 
signals  to  supplement  Omega,  particularly  in  regions  where  there  is  insufficient  Omega  signal  coverage. 
Another  mode  of  operation  is  differential  Omega  where  a  fixed  monitor  site  is  established  at  a  known 
fixed  location  to  determine  the  “error”  in  the  received  Omega  signals.  These  errors  are  communicated  to 
users  in  the  vicinity  of  the  monitor  where  they  are  used  to  correct  the  measurements  made  by  the  user’s 
receiver  with  a  resulting  positioning  accuracy  of  0.3  to  1  nm.  Omega  is  also  used  in  integrated  systems 
with  inertial  navigation  and  satellite  navigation  systems.  Weather  balloons  use  a  very  low  cost  Omega 
receiver  that  retransmits  the  Omega  signals  on  another  frequency  to  the  ground-based  receiving  site  to 
determine  wind  velocity  profiles.  Submarines  use  Omega  because  a  hyperbolic  position  fix  can  be 
obtained  while  the  submarine  and  the  antenna  are  submerged.  Although  Omega  has  been  the  only  opera¬ 
tional  radionavigation  providing  continuous  global  coverage  for  the  past  20  years,  the  Navstar  GPS  sys¬ 
tem  (Appendix  E  and  Appendix  F)  is  nearing  operational  status  and  according  to  the  Federal 
Radionavigation  Plan  will  replace  Omega.  Additional  details  on  these  and  other  position  fixing  modes 
are  provided  in  Chapter  4  and  Chapter  13. 
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1.5 


PROBLEMS 


1.5.1  Sample  Problems 

1 .  Each  of  the  eight  Omega  stations  derive  the  transmitted  signal  from  a  cesium  beam  frequen¬ 
cy  standard  which  acts  as  a  precise  clock.  Before  the  advent  of  GPS,  the  stations  were  syn¬ 
chronized  by  adjusting  the  clock  outputs  based  on  reciprocal  path  measurements  in  which 
monitors  at  each  station  concurrently  measure  the  phase  at  each  end  of  the  station  baselines. 
From  a  qualitative  viewpoint,  why  do  you  think  these  kinds  of  measurements  would  isolate 
the  synchronization  differences  between  the  stations? 

Answer: 

In  principle,  a  single-path  phase  measurement  of  one  station’s  phase  by  the  monitor  at 
another  station  would,  when  corrected  by  the  phase  propagation  delay  over  the 
interstation  path,  indicate  synchronization  offsets  between  the  stations.  However,  in 
addition  to  propagation  delay  (based  on  some  fixed  phase  velocity),  Omega  signals  must 
be  corrected  by  PPCs  (propagation  corrections;  see  Chapter  9).  Although  greatly 
refined,  the  PPCs  have  bias  errors  on  the  order  of  7  to  10  microseconds,  which,  even  if 
removed,  leave  random  errors  of  about  4  to  6  microseconds,  i.e, ,  too  much  error  to  detect 
synchronization  offsets  less  than  or  equal  to  2  microseconds.  It  is  shown  in  Chapter  7  that 
differences  in  reciprocal  measurements  tend  to  remove  the  PPC  error  but  reinforce  the 
synchronization  error  (offset). 

2.  Why  do  you  suppose  the  silent  interval  (or  guard  time)  between  the  signal  transmissions  in 
the  Omega  signal  format  was  chosen  to  be  0.2  sec? 

Answer: 

The  interval  is  designed  for  the  worst  possible  case  of  interference  in  which  a  receiver 
located  a  few  kilometers  to  the  west  of  a  station  receives  the  “long-path”  signal  from  that 
station,  i.e.,  the  signal  propagating  over  the  longer  of  the  two  arcs  of  the  great  circle 
connecting  receiver  and  transmitter.  In  that  case,  the  trailing  edge  of  a  transmission 
would  reach  the  receiver  after  a  time  approximately  given  2jtRg/c,  where  Rg  is  the 
average  earth  radius  (6367  km)  and  c  is  the  free-space  speed  of  light  (about  of  x  10^ 
km/sec),  i.e.,  about  0. 13  second.  With  a  guard  time  of  0.2  sec,  such  a  receiver  would  not 
see  a  pulse  overlap,  with  a  remaining  0.07  second  before  the  onset  of  the  next  signal 
transmission. 

1.5.2  Problems  to  be  Solved  by  Reader 

1 .  Give  one  or  more  reasons  why  a  station  signal  might  not  be  useful  at  the  station’s  antipode. 

2.  Consider  two  10.2  kHz  signals  dominated  by  the  short-path  Mode  1  component. 

If  Signal  1  propagates  at  night  to  the  east  over  seawater  and  Signal  2  propagates  during  the  day  to 

the  west  over  frozen  tundra,  which  signal  attenuates  more  rapidly  as  a  function  of  distance? 
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3.  Suppose  the  following  set  of  crueria  defines  the  signal  usability: 

SNR  (Signal-to-noise  ratio)  >  -20  dB  (100  Hz  bandwidth) 

S/L  (Short-to-long  path  amplitude  ratio)  ^  6  dB 
Ml  DM  (Mode  1  dominance  margin)  ^  6  dB 

If  the  short-path  signal  level  is  25  dB  (relative  to  IpV/M),  the  long-path  signal  level  is  19  dB 
(relative  to  ipV/m),  the  noise  (100  Hz  bandwidth)  is  40  dB  (relative  to  IpV/m),  and  the  MIDM 
is  8  dB,  is  the  signal  considered  usable? 

4.  Why  is  the  conductivity  of  seawater  higher  than  the  conductivity  of  fresh-water  ice? 

5.  Given  that  the  lane  width  of  the  10.2  kHz  signal  is  about  30  km,  what  is  the  lane  width  of  the 
13.6  kHz  signal?  If  the  two  signals  have  the  same  phase  at  distance  r  from  the  station,  what 
is  the  smallest  incremental  range  (away  from  the  station)  required  for  the  phase  to  again  be 
the  same? 

6.  What  time  of  year  would  you  expect  the  atmospheric  noise  to  be  the  largest: 

Summer  afternoon 
Winter  night 
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CHAPTER  2 

OMEGA  SYSTEM  HISTORY 


Chapter  Overview  —  This  chapter  traces  the  history  of  the  Omega  system  from  its  World 
War  II  origins  to  the  present.  The  chapter  begins  with  a  historical  sketch  of  Omega  in 
Section  2.1,  including  the  development  of  transmitting  stations  and  receiving  systems, 
user  support,  and  system  management.  Section  2.2  explores  the  early  work  in  VLF  sig¬ 
nal  generation,  control  of  signal  stability,  and  signal  propagation  which  demonstrated 
the  viability  of  a  long-range  navigation  system  at  VLF.  Experimental  VLF  transmissions 
and  prototype  Omega  transmitting  stations  are  described  in  Section  2.3.  Section  2.4 
traces  the  evolution  of  Omega  receiving  systems  used  in  surface,  sub-surface,  and  air 
navigation.  Finally,  the  changing  role  of  user  support  in  the  evolution  of  Omega  from  a 
developing  to  a  mature  system  is  discussed  in  Section  2.5.  Aobreviations  and  acronyms 
used  in  the  chapter  are  given  in  Section  2.6  and  references  cited  in  the  chapter  are  found 
in  Section  2. 7. 


2.1  INTRODUCTION 

Very  low  frequency  (VLF;  3  kHz  to  30  kHz)  stations  have  been  broadcasting  radio  signals  since 
the  early  part  of  this  century.  Prior  to  World  War  I,  transmitting/receiving  stations  were  located  in  The 
Netherlands,  France,  Indonesia,  Germany,  Wales,  and  the  U.S.  (New  York,  New  Jersey,  and  Massachu¬ 
setts).  Between  World  War  I  and  World  War  II  more  powerful  stations  with  better  transmitters  were  built 
in  France,  Great  Britain  (including  Criggion  and  Rugby),  and  the  U.S.  (Annapolis,  Maryland;  Summit, 
Canal  Zone;  and  Haiku,  Hawaii).  Eventually,  commercial  radio  stations  moved  to  higher  frequencies  (in 
the  MF  band:  300  kHz  to  3  MHz)  to  gain  higher  data  rates,  leaving  the  VLF  for  mostly  military  stations 
whose  missions  emphasized  security  and  long  range  over  high  data  rate.  Following  World  War  II,  VLF 
transmissions  found  applications  in  long-range  dissemination  of  frequency  and  time,  global  navigation, 
and  geophysical  prospecting,  as  well  as  long-range,  secure,  reliable  communications  (Ref.  1 ).  It  was  the 
early  experiments  in  controlling  long-range  VLF  signals  during  World  War  II  that  ultimately  led  to  the 
present-day  Omega  System. 

One  of  the  earliest  radio  navigation  systems,  known  as  Gee,  was  proposed  in  1937  and 
implemented  in  1942  by  a  U.K.  engineer,  R.J.  Dippy  (Ref.  2).  This  system  operated  at  30  to  80  MHz  and 
supported  allied  aircraft  missions  across  the  English  Channel  during  World  War  II.  Since  Gee  operated 
in  the  very  high  frequency  (VHF)  band,  it  was  of  relatively  shon  range.  Experimental  systems  in  the 
U.S.  about  this  time  focused  on  lower  frequencies  to  obtain  the  longer  ranges  required  for  navigation 


2-1 


support  to  troop  convoys  crossing  the  North  Atlantic  Ocean.  These  systems  were  used  in  a  hyperbolic 
mode,  i.e.,  the  time  difference-of-arrival  for  each  pair  of  signals  received  was  used  to  establish  position. 
The  transmissions  were  pulsed  so  that  the  differences  in  signal  arrival  times  could  easily  be  measured. 

Some  of  the  most  active  research  in  this  area  at  the  time  was  performed  by  a  research  engineer 
named  John  Alvin  Pierce  attached  to  Harvard’s  Cn?ft  Laboratory.  Pierce  and  others  from  the  Radiation 
Laboratory  at  the  Massachusetts  Institute  of  Technology  developed  a  medium-range  (several  hundred 
miles)  hyperbolic  system  at  3  to  10  MH^  in  the  hi  ’ency  (HF)  band  utilizing  station-synchronized 

transmissions.  This  system  beca  .le  known  as  loi...  .  Jng  RAnge  Navigation)  and,  in  the  following 
years,  acquired  thousands  of  users. 

Following  World  War  II,  Pierce  proposed  a  hyperbolic  system  at  40  kHz  with  a  200  Hz  modula¬ 
tion.  An  experimental  system  (known  as  Radux)  was  developed  which  differed  from  loran  and  Gee  in 
that  it  was  continuous-wave  (CW),  no^  nulsed.  This  meant  that  the  navigational  user  measured  the  phase 
difference  rather  than  the  tiiae  difference.  To  extend  the  range  of  this  system,  a  phase-stable  10  kHz 
signal  was  added  to  the  Radux  format  in  the  early  1 950s.  The  resulting  system,  known  as  Radux-Omega, 
was  de.signed  to  u.se  the  200  Hz  mi .  Julation  to  resolve  the  (approximately)  8  nautical  mile  “lane”*  of  the 
10  kHz  transmission.  This  system,  which  was  expected  to  provide  5  nm  fix  accuracy  at  ranges  of  about 
3000  n.m.,  was  tested  at  the  Navy  Electronics  Laboratory  (now  called  the  Naval  Command,  Control,  and 
Ocean  Surveillance  Center,  NCCOSC)  and  the  Naval  Research  Laboratory  during  the  period 
1954-1957.  The.se  tests  showed  that  the  Radux  signal  was  stable  within  a  few  microseconds.  The  sys¬ 
tem  as  originally  conceived  never  became  operational  because: 

•  The  range  of  the  40  kHz  signal  was  much  less  than  that  of  the  10  kHz  signal 

•  The  measured  position  errors  were  greater  than  expected 

•  As  a  result  of  the  40  kHz  range  limitation,  numerous  stations  would  be  required  for 
a  worldwide  system. 

In  place  of  tf  200  Hz  modulation,  lane  identification  was  to  be  achieved  through  the  use  of  multiple 
VLF  CW  transmissions  at  c'osely  spaced  frequencies.  The  transmission  of  CW  VLF  signals  conii  oiled 
by  phase-stable  oscillators  then  became  known  as  Omega  (Omega  is  the  last  letter  in  the  Greek  alpha¬ 
bet).  The  name  "Omega”  was  chosen  by  Pierce  to  represent  the  “far  end”  oil:  toe  radio  spectrum  usable  for 
navigation  (Ref.  3), 

*In  the  hyperbolic  mode  of  navigation,  a  lane  corresponds  to  the  distance  interval  between  pairs  of  geo¬ 
graphic  points  for  which  the  phase  difference  (between  two  synchronized  transmitting  stations) 
differs  by  a  cycle  (360‘^j. 
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Due  to  the  high  cost  of  constructing  VLF  antennas,  the  first  experimental  Omega  stations  were 
advantageously  located  at  sites  where  VLF/LF  communication  station  antennas  were  in  place.  Thus,  in 
the  late  1950s,  experimental  transmissions  were  broadcast  from  naval  stations  in  San  Diego,  California 
(Chollas  Heights),  Bainbridge  Island,  Washington,  and  in  the  Haiku  Valley  on  the  island  of  Oahu  in 
Hawaii.  These  stations  transmitted  on  several  frequencies  in  the  VLF  range  and  demonstrated  many  of 
the  characteristic  features  of  VLF  signal  behavior  that  are  known  today  (see  Chapter  6). 

In  the  early  1960s,  three  additional  experimental  stations  were  established  at  Summit  in  the 
Canal  Zone  (Navy  Communications  Station),  at  Forestport,  New  York  (Air  Force  test  facility),  and  Crig- 
gion,  Wales  (British  Post  Office  Station).  The  transmitting  facilities  at  Chollas  Heights  and  Bainbridge 
Island  were  closed  following  the  decision  to  discontinue  Radux-Omega.  The  resulting  network  of  four 
stations  was  operated  in  the  master/slave  mode  in  which  a  slave  (or  secondary)  station  synchronizes  its 
transmission  to  the  master  station  signal. 

Based  on  the  success  of  the  initial  experiments  with  Omega  signals,  the  U.S.  Navy  formed  an 
Omega  Implementation  Committee  in  1963,  chaired  by  J.A.  Pierce,  to  establish  the  transmitting, 
receiving,  and  operational  characteristics  of  a  worldwide  Omega  Navigation  system.  In  1966,  the  com¬ 
mittee’s  final  report  (Ref.  4)  was  published  and  the  U.S.  Navy  began  preparing  for  implementation.  The 
final  report  served  as  the  basis  for  most  of  the  characteristics  of  the  system  we  now  call  Omega.  An 
important  exception  was  that  few  of  the  nations  recommended  by  the  committee  for  hosting  station  loca¬ 
tions  were  represented  in  the  final  system  configuration. 

In  1966,  the  Criggion  transmitter  was  relocated  to  Bratland,  Norway,  and  the  Summit  transmit¬ 
ting  equipment  was  moved  to  Trinidad  in  the  West  Indies.  Both  the  Norway  and  Trinidad  sites  were 
outfitted  with  valley-span  antennas  that  used  natural  formations  (i.c.,  a  fjord  and  a  narrow  valley)  to 
attain  the  necessary  antenna  height.  The  master/secondary  mode  of  operation  was  abandoned  following 
introduction  of  stable  atomic  clocks/oscillators  at  the  stations.  The  resulting  four-station  network*  that 
transmitted  precisely  controlled  frequencies  in  a  particular  format  and  operated  in  the  so-called  “abso¬ 
lute  mode”  (all  stations  operating  independently)  marked  the  beginning  of  the  modem  Omega  System. 

The  U.S.  Navy  authorized  full-scale  implementation  of  the  Omega  System  in  1968,  based  on  the 
Omega  Implementation  Committee  report.  Program  management,  including  station  construction  and 
funding,  was  assigned  to  a  project  office  initially  under  the  auspices  of  the  Chief  of  Naval  Materiel 
(PM-9)  and  later  to  Tfaval  Electronics  System  Command  (PME- 1 19).  In  197 1-1972,  under  the  terms  of 

*The  stations  were  labeled  as  Station  A  —  Norwa}',  Station  B  —  Trinidad,  Station  C  —  Hawaii,  Sta¬ 
tion  D  —  Forestport;  this  sequence  was  used  in  the  frcquency/tirne  multiplexed  transmission  format. 
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Title  14,  use  82,  operational  duties  were  assumed  by  the  U,S,  Coast  Guard’s  specially  formed  Omega 
Navigation  System  Operations  Detail  (ONSOD),  although  the  Navy  Project  Office  retained  overall 
responsioility.  One  of  ONSOD’s  primary  functions  at  this  time  was  coordinating  station  synchroniza¬ 
tion  through  I'ue  Use  of  intcr-slatioii  phase  measurements.  As  construction  of  the  eight  final  stations 
proceeded  through  the  1970&,  ONSOD  assumed  the  duties  of  engineering  maintenance  for  those  sta¬ 
tions  declared  operational. 

Except  for  the  station  located  in  Australia,  all  Omega  stations  in  the  final  system  configuration 
became  fully  operational  during  1971-1976,  Table  2,1-1  (from  Ref.  5)  lists  the  dates  of  operational 
commencement  and  bilateral  agreement  for  each  station  of  the  final  configuration.  Separate  bilateral 
agreements  were  negotiated  between  the  U.S.  and  the  six  non-U.S.  host  nations  regarding  construction 
site,  station  operation,  logistics,  and  finances,  In  most  cases,  the  agreements  were  signed  well  before 
operations  commenced.  However,  in  the  case  of  La  Reunion,  the  station  was  in  operation  for  more  than 
five  years  before  the  Govermnent  of  France  formally  signed  the  bilateral  agreement.  In  August  of  1982, 
the  Australia  station  became  operational,  thus,  completing  the  full  configuration  of  eight  stations.  Fig¬ 
ure  2.1-1  shows  the  location  of  the  eight  Omega  stations  in  the  final  system  configuration. 

Representatives  from  the  seven  Omega  station  partner  nations  formed  the  International  Omega 
Technical  Commission  (lOTC),  The  first  lOTC  meeting  was  held  in  June  1 973  in  Washington,  D.C.,  but 
a  formal  charter  was  not  drafted  until  1980.  The  chaiter  w,as  formally  adopted  with  all  members’  signa¬ 
tures  in  December  1981.  Meetings  were  held  more  or  less  annually  until  1986  when  it  wa.s  decided  to 
hold  lOTC  and  station  manager  conferences  in  alternate  years. 


Table  2.1-1  Important  Dates  for  Stations  in  the 

Current  Omega  Sy.stem  Configuration 


station 

Bilateral 

Agreement  S'gned 

Station  Declared 
Operational 

A  -  Norway 

November  1071 

December  1973 

0  -  Liberia 

November  1973 

February  1976 

C  -  Hawaii  (U.S.) 

N/A 

January  1975 

D  -  North  Dakota  (U.S,) 

N/A 

October  1  Ql'i. 

E  -  La  Reunion  (Fr.) 

April  1981 

March  1S76 

F  -  Argentina 

December  1970 

July  1976 

G  “Australia 

September  1977 

August  1982 

H  -  Japan 

August  1972 

April  1975 

2- 


0-30078 

4-2-92 


In  1977,  the  Japan  Maritime  Safety  Agency  assumed  the  duties  of  coordinating  the  synchronization 
of  the  station  (internal  and  external)  .This  helped  to  widen  the  international  role  for  system  operational  sup¬ 
port.  Three  year.s  later,  the  U.S.  Navy  transferred  system  financial  responsibility  to  the  U.S.  Coast  Guard/ 
ONSOD,  thus  removing  Omega  operation  fromdireetDepartment  of  Defense  control.  In  1986,ONSOD’s 
name  was  changed  to  the  Omega  Navigation  System  Center  (ONSCEN)  and  its  facilities  were  relocated  to 
the  Coast  Guard  Information  System  Center  (then  known  as  Coast  Guard  Station  Alexandria,  Virginia). 

2.2  EARLY  EXPERIMENTS  AND  CONCEPTS  IN  VLF  NAVIGATION 
2.2.1  Signal  Generation  Stability 

A  major  challenge  in  the  early  experimental  transmissions  of  VLF  signals  for  use  In  navigation 
was  to  achieve  the  necessary  stability  of  the  signal.  For  most  kinds  of  signal  modulation  used  in  com¬ 
munication  (e.g,,  frequency  shift  keying,  FSK*),  high  signal  stability  is  not  crucial,  since  detection  of  a 
signal  in  a  certain  frequency  interval  (bandwidth)  is  all  that  is  required.^  Also,  most  of  the  early  naviga¬ 
tion  systems  were  pulsed  systems  in  which  only  the  timing  (or  time  intervals)  of  the  pulses  is  important. 
In  a  CW  system,  there  is  “nothing  to  hang  your  hat  on”  except  the  waveform  itself  which  must  therefore 

*FSK  is  a  modulation  technique  in  which  binary  coded  information  (consisting  of  ones  and  zeros)  is 
transmitted  at  two  closely  spaced  frequencies, 

§  The  instability  of  signal  generation  accounts  for  a  portion  of  the  signal  frequency  spread  over  the 
received  signal  bandwidth. 
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be  stable.  To  illustrate  this  concept,  consider  the  phase  of  a  VLF  signal  transmitted  from  a  distant  station 
(e.g.,  a  thousand  miles).  A  phase  reading  measured  at  a  given  location  should  not  change  with  respect  to 
a  stable  oscillator  over  a  period  of  minutes  unless  the  measuring  location  is  changed  (see  Fig.  2.2-1). 
However,  if  the  signal  is  not  sufficiently  stable,  the  detected  phase  wanders  erratically  even  though  the 
detection  equipment  remains  fixed.  If  the  measurements  are  made  on  a  moving  platform,  it  is  impossible 
to  distinguish  the  phase  change  due  to  an  unstable  signal  from  that  due  to  platform  motion.  Thus,  signal 
generation  stability  is  an  essential  requirement  for  CW  navigation  systems. 

An  important  milestone  in  the  development  of  stabilized  signal  generation  was  achieved  by 
Dr.  Louis  Essen  of  National  Physical  Laboratory  in  Great  Britain  (Ref  3).  Dr.  Essen,  who  designed  the 
first  cesium  beam  resonator,  designed  a  very  precise  crystal  oscillator*  known  as  a  ring  oscillator  to  stabi¬ 
lize  the  LF  and  VLF  transmissions  from  the  Rugby  station  in  the  U.K.  In  1953,  J.A.  Pierce  and  others  at 
Harvard  began  monitoring  these  signals  which,  at  first,  were  transmitted  daily  for  only  one  hour.  Later, 
the  16  kHz  transmissions  were  generated  almost  continuously,  thus  allowing  measurements  of  cycle 


-H  K-  PHASE  CHANGE  DUE 
TO  VEHICLE  MOTION 

a)  Perfectly  Stabilized  Transmitted  Signal 


->1  U-  PHASE  CHANGE  DUE  TO  ->-1  PHASE  SHIFT  SEEN  BY 

FREQUENCY  "DRIFT"  MOTIONLESS  VEHICLE 

b)  Imperfectly  Stabilized  Transmitted  Signal 


Figure  2.2-1  Effect  of  Unstable  Signal  Generation  on  Determining  Vehicle  Motion 

*  A  crystal  oscillator  uses  the  natural  mechanical  oscillations  of  certain  crystals  to  generate  oscillations 
(of  same  frequency)  in  electric  signals. 
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changes  in  the  measuring  equipment.  Ultimately,  Pierce  found  that  the  day-to-day  variation  in  the  signal 
could  be  detected  with  an  accuracy  of  about  two  parts  in  10” .  To  provide  a  feeling  for  what  this  stabi  lity 
means,  consider  a  16  kHz  signal  which  has  a  period  of  1/(16x10^)  seconds,  or  62.5  microseconds.’^ 
Since  there  are  8.64x10^°  microseconds/day,  an  accuracy  of  2  parts  in  10”  means  an  error  of  about  1 .7 
microseconds/day  or  about  3%  of  the  signal  period  in  a  day.  This  means  that  over  a  period  of  several  days, 
a  transmitted  phase-stable  signal  could  be  tracked  with  high  resolution  and  accuracy  over  long  paths. 
This  experiment  also  demonstrated  that  VLF  signals  could  be  transmitted  with  sufficient  stability  to  per¬ 
mit  navigation/position  fixing. 

2.2.2  Range  of  VLF  Signal  Propagation 

The  long  ranges  to  which  radio  waves  could  be  detected  were  not  suspected  until  the  discovery  of 
the  ionosphere.  As  early  as  1 839,  C.F.  Gauss  speculated  that  electrical  currents  in  the  atmosphere  caused 
the  variations  in  the  earth’s  magnetic  field  (Ref.  6).  Later  in  1860,  Lord  Kelvin  also  speculated  that  a 
conducting  layer  above  the  surface  of  the  earth  was  re.sponsiblc  for  atmospheric  electricity  (Ref,  7),  The 
physical  nature  of  such  a  conducting  layer  was  not  known,  however,  until  after  J.J.  Thomson’s  discovery 
of  the  electron  and  its  role  in  forming  conductive  gases  (Ref,  8).  G.  Marconi’s  famous  demonstration  in 
1901  that  radio  signals  could  be  transmitted  across  the  Atlantic  Ocean  implied  that  the  radio  wave.s  were 
deflected  towards  the  earth  (see  Fig.  2.2-2).  In  other  words,  simple  refraction  through  the  atmosphere  as 
it  was  then  known  (at  the  lower  altitudes)  could  not  explain  Marconi’s  achievement.  A,  Kcnnclly  and 
O.  Heaviside  first  suggested  (in  1902)  that  free  electrical  charges  in  the  upper  atmosphere  could  reflect 
radio  waves  (Ref.  6).  This  was  followed  shortly  by  the  suggestion  that  solar  ultraviolet  radiation  acting 
on  the  neutral  atmosphere  was  the  source  of  the  free  charges.  The  existence  of  this  so-called  Kcnnclly- 
Heaviside  layer  was  strongly  doubted  by  many  researchers  until  the  experiments  of  Appleton  and  riarncli 
(Ref.  9)andBreitandTuve(Ref.  10)  in  1925-1926.  These  experiments,  together  with  Chapman's  pio¬ 
neering  work  in  solar  control  of  the  ionosphere  in  1931  (Ref,  11),  mark  the  beginning  ol'  ionospheric 
physics  as  a  modern  scientific  discipline. 

The  existence  of  an  ionosphere  permits  detection  of  radio  signals  at  long  ranges,  This  is  cspcciaJly 
true  for  the  lower  frequencies,  which  reflect  from  the  ionosphere  at  large  angles  of  incidence,  thereby 
losing  a  relatively  small  fraction  of  the  wave  energy  to  the  ionosphere,  Thus,  the  signal  undergoes  iiuilti- 
pie  reflections  from  the  ionosphere  and  the  earth’s  surface  between  tlic  transmitting  source  and  die  point 
of  signal  reception.  At  very  low  frequencies  such  as  10  kHz,  the  radio  waves  loac  about  half  tlicir  energy 

’"The  period  of  a  signal  is  the  time  to  complete  one  cycle  and  is  the  reciprocal  of  llic  fieipiciicy,  A  micro 
second  is  10'^  second. 
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fur  each  lUOOKiii  uf  palh  Iciigih  lu  lliut,  wiih  kulficleiii  liiiiiul  powci,  ihcic  il^iiaU  can  he  Ucicclcd  at 
diitanccfe  greater  tliaii  tialfway  aiutind  the  wurld.  With  no  loiiuiphcre.  inuit  of  the  radio  wave  energy 
would  be  radiated  into  ficc  ipacc,  with  only  a  iiiiall  IractloM  being  dlffiacted  ai  a  luiface  wave  to  langei 
of  Icki  than  KKJO  kin. 

2.2.3  I'.xperlnieiiU  with  ModulNleil  VI. r  .Sigiiali 

A  fundutucnlal  drawback  In  navigating  with  a  CW  ilgnal  U  that  evciy  wave  ))ciiod  (in  llinc)  or 
wuvclcnitth  (ill  ipace)  li  ckientially  Identical  and  thui  a  ipucific  wave  pcilod/wavelenglh  cannot  be 
"tagged"  ui  Idcnilflcd,  The  phase  ul  a  ilgiinl  can  be  mcaiuied  Irctwccii  tr  and  3(»(r  luit  a  givcMi  value  of 
the  phase,  say  40*',  may  actually  lie  4()U"  (  twr  4  4()"),  Vf-U"  {2  k  3(iU"  4  4()"),  etc.,  w  till  icspcct  to  the 


ph&ie  of  ilic  {wmMr.iucd  .l|nil  ThU  uncertainty  (which  amounin  to  an  integral  number  of  wavelengths) 
in  relating  tiie  phase  to  a  ipccint-  range  from  a  transmitting  station  Is  referred  to  as  lane  ambiguity,  Fig¬ 
ure  2,2*3  shows  an  cxainple  of  two  rcccivcri  which  measure  the  lamc  phase  (100^)  although  they  arc 
teparated  from  the  station  by  a  different  number  of  lanes  (or  cycles).  One  way  to  remove  this  ambiguity 
is  to  modulate  the  lignai,  l,e„  the  principal  signal  is  tfansmltted  ns  the  carrier  for  a  much  lowcr-frcqucncy 
CW  signal,  The  period/wavelength  of  the  lower-frequency  modulating  signal  Is  much  turger  than  that  of 
Ihc  ptlnclpal  signal,  so  that  the  amHigulty  is  gieaily  reduced  oi  eliminated,  We  will  explain  this  method 
of  rcduclnj  lane  ambiguity,  using  tlie  example  of  Kndux 

As  meiitiuncd  in  Section  2,1,  the  Kadux  system,  which  was  the  fureiutiitei  of  Omega,  employed  a 
2(K)  I \i  modulaliun  frequency  with  a  40  kl  I/.  ciuTier  signal.  In  this  ease,  the  modulating  signal  has  a  |)crigd 
of  5  milliseconds  and  a  wavelength  of  iiboul  tSOU  km  (750  km  in  phase  diliercncc  or  hy|)crbollc  mode), 
Wlien  Katlux  was  piojiused,  this  degree  of  umbiguity  was  toleiiil)lc,  since  it  was  assumed  that  all  potential 
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uicr:;  of  the  system  knew  their  positions  within  a  few  hundred  miles.  The  modulation  frequency,  however, 
cannot  be  made  too  low,  because  the  phase  measurement  accuracy  may  not  be  sufficient  to  identify  the 
correct  carrier  cycle,  Thus,  in  the  case  of  Radu,x,  the  ratio  of  the  200  Hz  signal  wavelength  to  that  of  the 

40  kHz  carrier  is  200;  1 .  This  means  that  the  200  Hz  phase  measurement  must  be  accurate  to  within  0.5% 
of  a  cycle.  When  the  10  kHz  signal  was  added  to  the  Radux  format,  the  ratio  of  wavelengths  was  reduced 
to  50: 1  so  that  the  necessary  phase  measurement  accuracy  became  2%  of  a  cycle.  This  greatly  improved 
the  probability  of  identifying  the  correct  10  kHz  lane. 

2.2.4  Unmodulated  VLF  Signal  Generation 

In  the  19.50s,  as  dead  reckoning  procedures  improved  and  became  automated,  lane  ambiguity 
became  less  of  a  concern  for  system  planners  (particularly  in  the  military).  Thus,  the  Radux  200  Hz 
modulation  was  dropped,  marking  the  first  use  of  unmodulated  VLF  signals  for  navigation  and  also  the 
passage  of  Radux*Omega  into  a  pure  Omega  system.  Later,  the  resolution  of  ambiguities  was  improved 
by  transmitting  several  closely  .spaced  frequencies  (from  a  few  hundred  hertz  to  a  few  kilohertz),  whose 
differences  served  to  provide  a  wider  lane. 

With  the  development  of  phase-stable  signal  generation  techniques,  described  in  Section  2,2,1, 
and  experiments  that  demonstrated  the  long  ranges  attained  by  VLF  signals,  J,  A.  Pierce  proposed  a  navi¬ 
gation  aid  which  he  called  Draco  (Ref.  3).  This  system  would  employ  successive  phase  difference  mea¬ 
surements  on  a  moving  platform  as  a  means  of  dead  reckoning.  Such  a  system  relics  on  tying  changes  in 
relative  signal  phase  to  changes  in  distance.  Thus,  when  starting  from  a  known  location,  Draco  could  be 
used  to  incrementally  track  a  user  along  a  desired  route.  This  method  works  best  when:  (1)  the  succes¬ 
sive  measurement  events  are  closely  spaced  in  time  (so  that  the  path  propagation  conditions  don’t 
change),  and  (2)  reasonably  separated  in  distance  (so  that  they  are  effectively  independent).  Among  the 
platforms  that  use  Omega  for  navigation,  aircraft  best  satisfy  these  conditions.  As  a  result,  by  the  1970s 
most  aircraft  units  v^cre  outfitted  with  VLF  navigation  units,  similar  in  principle  to  Draco. 

2.2.5  SynchrotiizvdAJnsynchronized  VLF  TVansinlssions 

In  addition  to  stabilized  signal  generation  and  sufficiently  long  range,  a  VLF  navigation  system 
designed  primarily  for  use  in  the  hyperbolic  mode  must  ensure  that  signals  generated  from  each  station 
arc  synchronized.  Synchronizing  signals  from  widely  separated  stations  to  an  accuracy  of  about  one 
microsecond  was  very  challenging  in  the  years  before  satellite  dissemination  of  accuiaiu  liming  signals. 
In  the  early  1960s,  the  experimental  Omega  stations  were  synchronized  through  the  use  of  a  master/ 
.secondary  procedure  (similar  to  that  used  in  Loran).  In  this  scheme,  a  secondary  station  synchronizes  its 
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signal  transmission  to  the  phase  of  the  received  master  station  signal  (including  a  fixed  delay).  This  tech¬ 
nique  has  the  advantage  of  control  by  the  master  station  but  the  disadvantage  that  the  effective  transmis¬ 
sion  time  between  the  master  and  secondary  station  (as  for  any  long  path  over  which  VLF  signals  are 
propagated)  varies  over  the  course  of  a  day.  Thus,  a  user  receiving  both  master  and  secondary  station 
signals  would  need  to  subtract  the  (nominal)  master-secondary  signaling  time  (and  the  fixed  delay) 
before  computing  the  phase  difference.  Differences  between  the  actual  and  nominal  signaling  times 
would  appear  as  synchronization  errors. 

In  the  late  1960s,  the  master/secondary  operation  was  discontinued  and  very  precise  cesium 
beam  frequency  standards  were  installed  to  control  the  signal  generation  at  each  station  (the  “absolute” 
mode  of  system  operation) .  With  such  stable  frequency  control,  synchronization  could  be  maintained  for 
longer  time  intervals.  A  good  cesium  standard  has  a  long-term  stability  of  about  4  parts  in  which 
corresponds  to  a  loss  or  gain  of  about  one  microsecond  per  month.  Cesium  standards  are  not  easily 
adjusted,  so  that  phase  correction  is  usually  implemented  via  an  external  device,  called  a  phase  shifter, 
located  in  the  timer  section  of  the  station  equipment  suite.  During  the  first  few  years  of  absolute  mode 
operation,  each  station  recorded  the  signal  phase  of  the  other  stations  and  subtracted  the  best  estimate  of 
the  inter-station  propagation  times  (or  phases)  to  determine  the  amount  of  the  correction.  Any  significant 
changes  in  the  phase  recordings  over  a  week  were  investigated  as  potential  equipment  failui  es.  Later,  this 
procedure  became  more  systematized  with  the  use  of  statistical  estimation  techniques.  Moreover,  the  use 
of  reciprocal  path  differences  made  the  measurement  of  synchronization  differences  between  station 
pairs  more  accurate. 


2.3  FOUNDATIONS  OF  THE  OMEGA  TRANSMITTING  STATION  NETWORK 

2.3.1  Early  TVansmitting  Stations 

As  mentioned  ;  n  Section  2. 1 ,  the  first  experimental  Omega  stations  were  advantageously  sited  at 
locations  where  VLF/LF  communication  station  antennas  were  in  place.  Among  the  first  stations  to 
experiment  with  VLF  transmissions  for  navigation  purposes  were  those  utilizing  existing  Naval  VLF 
communication  antennas  in  San  Diego,  California  (Chollas  Heights),  Bainbridge  Island  near  Seattle, 
Washington,  and  in  the  Haiku  Valley  on  the  island  of  Oahu  in  Hawaii.  These  stations  were  configured  to 
transmit  on  several  frequencies  in  the  VLF  band  to  determine  the  most  stable  frequency  and,  in  general, 
to  observe  the  diurnal  behavior  of  the  VLF  signals.  These  stations  transmitted  low  power  (only  a  few 
hundred  watts)  but  the  signals  were  easily  detected  by  the  receivers  collocated  at  each  transmitter. 
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Most  of  these  early  transmitting  stations  were  built  to  test  the  proposed  Radux  system, 
introduced  in  Section  2.1.  For  example,  from  1951  to  1958,  the  Haiku  station  transmitted  40  kHz 
Radux  signals  with  200  Hz  modulation.  A  single  span  across  the  Haiku  Valley  was  used  as  an  antenna 
while  the  Naval  Station  (NPM)  concurrently  transmitted  communication  signals  from  the  other  spans 
crossing  the  upper  part  of  the  Haiku  Valley.  Chollas  Heights  also  transmitted  Radux  signals  during  this 
period  using  a  three-tower  antenna  system.  In  addition,  test  transmissions  at  Chollas  Heights  were  con¬ 
ducted  at  frequencies  of  24,  52,  and  72  kHz  using  the  200  Hz  modulation.  A  third  station,  which  was 
set  up  at  the  Naval  Station  in  Bainbridge  Island,  Washington,  transmitted  only  Radux  signals  (40  kHz 
with  200  Hz  modulation)  using  a  20  kW  transmitter.  This  triad  of  stations  was  used  to  test  Radux  oper¬ 
ation  and  utilization  in  the  hyperbolic  mode.  Data  collected  from  a  number  of  fixed  and  shipboard  mon¬ 
itor  sites  demonstrated  the  stability  and  repeatability  of  the  system  (Ref.  12). 

In  1958,  Radux  was  expanded  to  include  a  VLF  transmission  (ultimately  at  10.2  kHz)  and  the 
system  name  was  broadened  to  Radux-Omega.  The  Haiku  and  Chollas  Heights  stations  were  recon¬ 
figured  to  transmit  at  pairs  of  frequencies  (separated  by  1  kHz)from9.2to  18.2  kHz  (one  transmission  at 
about  7  kHz).  Those  signals,  closely  spaced  in  frequency,  were  used  to  test  lane  identification  tech¬ 
niques.  The  40  kHz  Radux  signal  was  eventually  discontinued  since  its  range  was  much  smaller  than 
that  of  the  VLF  signals.  The  idea  of  a  global  Radux  system  was  also  abandoned  because  the  achievable 
position  accuracy  (~5  nm)  was  not  consistent  with  expected  requirements  for  a  global  U.S.  Navy 
navigation  system.  With  its  relatively  short  range,  the  40  kHz  Radux  signal  would  have  required  many 
expensive  ground  stations  to  establish  a  global  system. 


2.3.2  The  Network  of  Master/Secondary  Omega  Stations 

The  San  Diego/Haiku  pair  provided  much  useful  information  but  could  not  demonstrate  VLF 
hyperbolic  navigation,  which  requires  a  minimum  of  three  signals  from  physically  separated  stations. 
As  a  result,  in  the  early  1960s  additional  stations  were  established  at  Forestport,  New  York;  Summit, 
Canal  Zone;  and  Criggion,  Wales.  Table  2.3-1  provides  additional  information  on  these  stations  which 
operated  in  the  master/secondary  mode  (similar  to  Loran). 

With  the  exception  of  Criggion,  all  stations  were  outfitted  with  the  same  type  of  transmitter 
equipment  capable  of  delivering  100  kW  of  output  power  to  the  antenna  (in  the  10  to  14  kHz  band). 
About  the  time  that  these  stations  were  brought  on-air,  the  experimental  station  in  San  Diego  ceased  op¬ 
erations,  although  monitoring  of  Omega  signals  continued  for  many  years. 


Table  2.3-1  Omega  Station  Network  of  the  Early  1960s 
Operating  in  the  Master/Secondary  Mode 


station 

Commenced 

Operations 

Master/Secondary 

Status 

Antenna  Type 

Effective  Radiated 
Power  Level 

Haiku, 

Hawaii 

[Previously 
existing  site] 

Master  (1959-1961) 

Secondary 

(1961-1966) 

Valley  Span 

2kW 

Forestport, 
New  York 

November 

1959 

Secondary 

(1959-1966) 

Tower 

100-300 W 

Summit, 
Canal  Zone 

1961 

Master  (1961-1966) 

Tower-supported 
“Valley  Span”* 

700-1 000 W 

Criggion, 

Wales 

1963 

Secondary 

(1963-1966) 

Tower-supported 
“Valley  Span"® 

300-500  W 

‘The  actual  configuration  consisted  of  active  antenna  spans  suspended  between  six  towers. 
§Spans  were  anchored  on  800'  hills  on  either  side  of  the  valley  and  supported  by  three  600' 
towers  based  on  the  valley  floor. 


As  a  historical  note,  the  station  at  Criggion  was  built  during  World  War  II  to  serve  as  a  back-up  to 
the  VLF  communication  station  at  Rugby  (GBR).  The  British  feared  that  the  Axis  powers  might  destroy 
GBR  which  was  farther  south  than  Criggion  and  thus  closer  to  the  European  continent.  Fortunately, 
GBR  survived  the  war  arid  continues  to  transmit  VLF  information  today. 

2.3.3  Omega  Implementation  Committee  Report 

In  1963,  an  Omega  Implementation  Committee  was  formed  by  the  U.S.  Navy’s  Bureau  of  Ships 
to  specify  the  requirements  for  a  complete,  worldwide  Omega  Navigation  System,  primarily  for  surface 
marine,  but  secondarily  for  airborne  and  submarine  users.  Committee  members  with  expertise  in  VLF 
signal  generation,  VLF  signal  propagation,  transmitting  antennas,  and  receiving  equipment  included 
J.A.  Pierce  (chairman),  W.  Palmer,  A.D.  Watt,  and  R.H.  Woodward.  Based  on  their  collective 
knowledge,  perusal  of  observational  data,  experience  gained  with  the  experimental  transmissions,  and 
knowledge  acquired  from  VLF  communication  station  design  and  operation,  these  experts  formulated 
and  thoroughly  described  all  major  aspects  of  the  Orr.ega  System. 

The  C  iTimittee’s  report  (Ref.  4),  published  in  May  1966,  describes  the  basic  principles  of  sys¬ 
tem  utilization  (including  geometry),  signal  propagation,  signal  format,  and  system  synchronization.  It 
also  proviv  y  initial  specifications  for  the  transmitting  stations,  system  monitors,  receivers,  navigation 
charts,  and  “  -mpensation  graphs.” 


The  report’s  section  on  system  utilization  covers  use  of  the  primary  system  frequency,  station 
geometry,  and  additional  frequencies  for  lane  identification  and  resolution.  It  was  generally  consid¬ 
ered  that  the  principal  usage  of  the  system  would  be  in  the  hyperbolic  mode  but  use  of  the  ranging  mode* 
is  also  mentioned.  A  primary  frequency  near  10  kHz  was  proposed  to  minimize  the  contamination  of  the 
signal  by  the  presence  of  higher-order  modes®  (e.xpected  to  be  more  extensive  at  higher  frequencies) . 
yet  avoid  the  higher  attenuation  exhibited  by  lower  frequency  signals  (whose  wavelength  is  comparable 
to  the  height  of  the  ionosphere).  The  authors  believed  that  the  greater  cost  to  build  a  station  at  a  lower 
frequency  ( 10  kHz)  was  more  than  offset  by  the  need  for  the  wider  lane  provided  by  the  lower  frequency, 
so  as  to  minimize  lane  ambiguity.  The  selection  of  10.2  kHz  as  the  primary  Omega  frequency  apparently 
stemmed  from  the  earlier  Radux  system  that  used  a  0.2  kHz  modulation  frequency.  It  was  thought  at  the 
time  that  the  10.0  kHz  frequency  use  would  be  limited  to  precise  standards,  so  that  “beating”  of  the 
10.2  kHz  signal  with  the  10  kHz  standard  would  permit  acquisition  of  the  modulating  signal.  In  the 
10-14  kHz  band,  the  frequency  whose  ratio  with  10.2  kHz  is  the  “simplest”  (i.e.,  involving  the  lowest 
integers)  is  13.6  kHz,  whose  ratio  with  10.2  kHz  is  4:3.  Thisprovidedadifferencefrequency  of  3.4  kHz 
(whose  lane  width  is  three  times  that  of  10.2  kHz,  i.e.,  24  n.m.  in  the  hyperbolic  mode)  to  assist  in  lane 
resolution.  The  ratio  of  13,6  kHz  to  10.2  kHz  can  also  be  expressed  as  8:6  or  12:9  which  suggests  a  third 
Omega  signal  frequency  in  the  ratio  8:7:6  (11.9  kHz),  12:11:9  (12.467  kHz),  or  12:10:9  (IIV3  kHz). 
The  latter  ratio  was  chosen  to  provide  a  frequency  difference  of  1 . 1  '/3  kHz  ( 1 1  V3-IO.2  kHz),  which  has  a 
lane  width  of  72  nm  (hyperbolic  mode).  The  repon  also  recommended  that  these  signals  be  modulated 
to  further  reduce  lane  ambiguity.  The  report  placed  much  emphasis  on  station  geometry  (for  hyperbolic 
fixing)  and  lane  resolution.  The  authors  concluded  that  the  RMS  (Root  Mean  Squared)  fix  accuracy 
(accounting  for  all  sources)  would  be  half  a  mile  in  the  day  and  one  mile  at  night.  They  also  concluded 
that  the  probability  of  correct  lane  identification  wouldbe  0.97  to  0.99  with  the  use  of  the  3.4  kHz  differ¬ 
ence  frequency. 

Because  of  its  role  in  determining  station  location,  designed  transmitter  power  level,  station 
synchronization,  and  the  position  error  budget,  VLF  signal  propagation  was  a  very  important  consider¬ 
ation  in  the  report.  The  principal  propagation  effects  considered  were:  (1)  the  size  of  the  region  (defined 
as  the  near-field  region)  surrounding  the  transmitting  station  in  which  higher-order  modes  dominate  or 

*In  the  ranging  mode  of  Omega  navigation,  phase  measurements  (rather  than  phase  difference  mea¬ 
surements)  are  processed. 

®The  Omega  signal  can  be  represented  as  the  superposition  (sum)  of  a  number  of  modes.  Use  of 
the  Omega  signal  for  navigation,  however,  is  predicated  on  the  assumption  that  the  signal  is  well 
approximated  by  a  single  mode  (Mode  1);  if  strong  higher-order  modes  are  present,  the  signal  cannot 
be  used  for  navigation  (see  Chapter  5), 
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compete  with  the  signal’s  Mode  1  component  (see  Chapter  5);  (2)  the  east-west  asymmetry  in  signal  at¬ 
tenuation;  and  (3)  signal  attenuation  over  low-conductivity  regions.  As  indicated  above,  the  near-field 
region  at  10  kHz,  which  is  smaller  than  the  near-field  regions  associated  with  the  higher  frequencies,  was 
a  major  factor  in  the  selection  of  that  frequency.  The  report  did  not,  however,  mention  signals  with  sub¬ 
stantial  higher-order  modes  beyond  the  near-field  region  of  the  transmitting  station.  In  the  years  since 
the  report  was  published,  the  discovery  of  extensive  regions  in  which  station  signals  contain  higher- 
order  modes  on  nighttime  paths  revealed  what  is  perhaps  the  most  significant  propagation  problem  en¬ 
countered  in  the  use  of  Omega  signals.  For  station  placement,  the  authors  recommended  the  middle 
latitudes  to  avoid  both  the  east-west  propagation  asymmetry  (effect  (2)  above)  near  the  geomagnetic 
equator  and  the  high  signal  attenuation  over  the  low-conductivity  areas  located  mostly  in  the  polar 
regions.  The  proposed  transmitting  station  power  level  was  determined  by  first  computing  the  minimum 
expected  signal  level  (daytime  westerly  directed  short-path  signals)  for  a  fixed  power  level  of  1  kW,  sub¬ 
tracting  the  maximum  expected  atmospheric  noise  level,  and  comparing  with  the  minimum  sign?l-to- 
noise  ratio  expected  for  a  typical  receiver.  The  deficit  indicates  the  required  power  level  in  excess  of 
1  kW.  This  rather  simple  calculation  yielded  a  required  station-effective  radiated  power  level  of  10  kW, 
which  served  as  a  basis  for  the  station  transmitter  and  antenna  specifications.  Some  25  years  later,  the 
effective  radiated  power  at  all  transmitting  stations  continues  to  be  maintained  at  this  figure  of  10  kW, 

The  signal  format  proposed  in  the  report  is  shown  in  Fig.  2.3- 1  and  for  comparison,  the  current 
format  is  shown  in  Fig.  2.3-2.  It  is  seen  that,  except  for  the  precise  value  of  the  unique  (station-specific) 
frequencies  and  the  addition  of  the  common  1 1 .05  kHz  frequency,  the  current  format  is  the  same  as  that 
recommended  by  the  committee.  The  time/frequency  multiplex  format  specified  a  pattern  of  time  seg¬ 
ment  durations  for  each  frequency  transmitted  by  the  stations.  This  pattern  of  frequencies  and  time 
durations  permitted  a  unique  identification  of  the  transmitting  station  signals  for  receiver  synchroniza¬ 
tion  purposes.*  The  spacing  between  the  segments  (0.2  second)  was  selected  to  ensure  that  the  signal 
from  the  most  distant  station  dies  away  before  the  signal  burst  marking  the  next  time  segment  from  a 
nearby  station  begins. §  The  committee  proposed  the  unique  frequency  signals  as  an  additional  aid  in 
station  identification  and,  with  a  suitable  imposed  modulation,  to  further  aid  in  lane  identification/ 
resolution.  The  proposed  “central  monitoring”  scheme  for  station  synchronization  specified  how  phase 
data  on  reciprocal  paths  (e.g.,  Station  A  to  Station  B  and  Station  B  to  Station  A)  should  be  used  to 

*The  assumption  is  that  the  signal  level  is  sufficient  to  permit  discrimination  of  time  segment  durations 
ditfering  by  as  little  as  0. 1  second. 

§  A  shoiter  time  would  also  lead  to  problems  in  switching  the  antenna  relays  for  the  different  frequency 
taps  on  the  helix  at  the  transmitting  station. 
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Figure  2.3*1  Omega  System  Signal  Transmission  Format  as  Originally  Proposed 


closely  estimate  station  synchronization  error.  Although  this  estimation  is  now  performed  with  a 
sophisticated  software  package,  the  general  synchronization  methodology  now  employed  is  essentially 
that  described  in  the  report. 

4  The  Network  of  Absolute  Mode  Omega  Stations 
Once  the  Omega  Implementation  Committee’s  final  report  was  published,  the  U.S.  Navy  began 
preparing  for  implementation.  In  the  same  year,  the  Summit,  Canal  Zone  transmitting  equipment  was 
moved  to  Chagaramus,  Trinidad  at  the  site  of  a  valley  span  antenna.  The  Criggion,  Wales  equipment  was 
temporarily  relocated  to  Novika,  in  no  rthern  Norway  before  moving  in  1 967  to  the  current  Omega  loca¬ 
tion  in  iJratlapf'  Norway.  Eventually,  new  equipment,  designed  by  the  Naval  Electronics  Laboratory 
Center  (NELCj, .  .  a.s  installed  at  the  Bratland  site.  The  site  at  Novika  was  later  used  for  construction  of  a 
NATO  (North  Atlantic  Treaty  Organization)  VLF  communication  station.  The  use  of  a  fjord  as  a  site  for 
a  valley  .span  antenna  iit  Bratland  typified  early  stations  that  used  such  natural  formations  to  attain  the 
necessary  antenna  height.  With  the  introduction  of  stable  atomic  clock.s/osciliators  at  all  stations,  the 
niastcr/secoiulary  mode  of  ojjcralion  was  abandoned  in  1966. 
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Table  2.3-2  provides  an  overall  description  of  the  resulting  four-station  network.  Identical  sets 
of  transmitting  equipment,  consisting  of  input  amplifier,  driver  amplifier,  and  power  amplifier,  were 
built  for  three  of  the  four  stations  (Trinidad,  Hawaii,  and  Forestport,  New  York).  The  Norway  transmit¬ 
ter  was  a  prototype  version  built  by  the  Naval  Electronics  Laboratory.  The  stations  were  built  and 
operated  generally  in  accordance  with  the  Implementation  Committee’s  guidance.  An  important  excep¬ 
tion,  however,  was  that  none  of  the  transmitted  signals  were  modulated  by  a  lower-frequency  signal.  The 
synchronization  procedure  recommended  in  the  report  was  carried  out  by  station  personnel  and  con¬ 
trolled  by  the  Naval  Electronics  Laboratory.  The  resulting  four-station  network  transmitting  precisely 
controlled  frequencies  according  to  the  prescribed  format  marked  the  beginning  of  the  modern  Omega 
System. 


I 
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Table  2.3-2  Omega  Station  Network  of  the  Latter  1960s 
Operating  in  the  Absolute  Mode 


Station 

Commenced 

Operations 

Monitor  Station 
Location 

Antenna  Type 

Effective  Radiated 
Power  Level 

Bratland, 

Norway 

March  1966 

Hestmona,  Norway 

Valley  Span 

1-2  kW 

Chagaramus, 

Trinidad 

February  1 966 

Piarco,  Trinidad 

Valley  Span 

1  kv; 

Kaneohe,* 

Hawaii 

[Previously 
existing  site] 

Makapuu,  Hawaii 
Pyramid  Rock,  Hawaii 
Opana,  Hawaii 

Valley  Span 

Tower 

2kW 

Forestport, 
New  York 

[Previously 
existing  site] 

Rome,  New  York 

1 00-300 W 

•Closest  actual  jurisdiction  to  station;  Haiku  is  name  of  valley  in  which  station  is  located. 


2.3.5  Construction  of  Operational  Stations 

Following  the  Implementation  Committee’s  report,  negotiations  were  initiated  with  several  na¬ 
tions  regarding  the  siting  of  transmitting  stations.  Most  of  the  committee’s  recommended  sites  did  not 
become  part  of  the  final  configuration  of  stations.  Table  2.3-3  compares  the  recommended  sites  with  the 
actual  sites  in  the  final  configuration.  Of  course,  it  is  difficult  to  make  a  one-to-one  correspondence  since 
each  of  the  recommended  site  configurations  represent  different  rotations  (with  respect  to  the  earth)  of 
equi-spaced  network  configurations.  For  example,  Bouvet  Island  in  the  South  Atlantic  corresponds  to 
either  the  current  La  Reunion  or  Argentina  site,  depending  on  the  rotation  of  the  station  configuration. 

Table  2.3-4  lists  the  stations  in  the  full  and  final  Omega  network  configuration.  The  table  lists 
the  date  each  station  (in  its  present  form)  commenced  operations,  the  location  of  the  associated  monitor 
site,  and  the  station  antenna  type.  Figure  2.3-3  illustrates  the  three  primary  types  of  Omega  transmitting 
station  antennas:  grounded  tower,  insulated  tower,  and  valley  span. 

Perhaps  for  economic  reasons  the  Bratland  site  was  retained  as  the  A-station  in  the  network. 
Portions  of  the  antenna  system  were  refurbished  and  new  station  equipment  wa,s  installed  prior  to  the 
formal  operational  on-air  date  of  December  1973. 

The  station  in  Trinidad  transmitted  in  the  B  -segment  of  the  frequency /time  multiplex  format  until 
the  Liberia  station  became  operational  in  1 976.  At  that  time,  T rinidad  switched  its  transmission  format  to 
the  G-segment  of  the  pattern,  where  it  remained  until  ceasing  operation  in  December  1 980.  The  Trinidad 
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Table  2.3-3  Recommended  and  Actual  Sites  for  Omega  Station  Locations 


Recommended  Sites 

Actual  Sites 

Balearic  Island  Spain 

Spitzbergen,  Norway 

Western  Ireland 

Hebrides  Islands  (U.K.) 

Bratiand,  Norway 

Nicobar  Islands,  India 

Tristan  da  Cunha  (U.K.) 

Gulf  of  Oman  (Iran) 

Windward  Islands  (U.K.) 

Paynesville,  Liberia 

Galapagos  Islands,  Ecuador 
Marquesas  Islands  (France) 
Eastern  Hawaii,  U.S. 

Kaneohe,  Hawaii,  U.S. 

James  Bay,  Canada 

Leeward  Islands  (France/U.K.) 
Southern  Texas,  U.S. 

Aleutian  islands,  U.S. 

LaMoure,  North  Dakota,  U.S. 

Bouvet  Island  (Norway) 

Socotra  Island  (U.K.) 

Delagoa  Bay  (South  Africa) 
Seychelles  Islands  (U.K.) 

Plaine  Chabrier,  La  Reunion,  Fr. 

Tierra  del  Fuego,  Chile 

McMurdo  Sound,  Antarctica 

Chile  (near  305  South) 

Bouvet  Island  (Nonvay) 

Golfo  Nuevo,  Chubut,  Argentina 

East  Cape,  North  Island,  N.Z. 
Broome,  Australia 

Southern  South  Island,  N.Z. 
Auckland  Islands,  N.Z. 

Woodside,  Victoria,  Australia 

Aleutian  Islands,  U.S. 

Midway  Island,  U.S. 

Northern  Luzon,  Philippines 
Southwest  Mindanao,  Philippines 

Shushi-Wan,  Tsushima  Island,  Japan 

site  was  oiscontinued  primarily  because  a  base  rights  agreement  (between  the  governments  of  Trinidad 
and  the  U.S.)  terminated  in  December  of  1980.  The  decision  to  relocate  the  station  in  Liberia  was  made 
principally  on  political  grounds.  The  Liberia  antenna  was  a  “grounded  tower"  (no  large  insulator  at  the 
base  of  the  mast),  the  first  of  its  kind  in  the  Omega  network. 

The  site  in  Hawaii  was  retained,  again  probably  for  economic  reasons,  although  four  additional 
spans  were  added  and  new  transinitting  equipment  was  installed  prior  to  its  designated  operational  date 
of  January  1975.  From  1972  to  1974,  this  station  acted  as  a  kind  of  system  “headquarters,”  when 
ONSOD  was  located  in  nearby  Kailua. 
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Table  2.3-4  Present  Omega  System  Station  Configuration 


Letter 

Deeignatlon 

Station 

Commenced 

Operations 

Monitor  Station 
Location 

Antenna  Type/ 
Dimension 

Position;  * 

Latitude 

Longitude 

A 

Bratland,  Norway 

December  1973 

Utskarpen,  Norway® 

Valley  Span  (2 
spans)/  -11,500  ft 

66°  25' 12.68"  N 

13®  8'  13.07"  E 

B 

Payitesville,  Liberia 

February  1976 

Brewerville,  Liberia 

Grounded  Tower/ 
1400ft 

6®  18'  19,26"  N 

10®  39'  51 .85' V/ 

C 

Kanoohe,  Hawaii 

January  1975 

Wahiawa,  Hawaii 

Valley  Span  (6 
spans)/ -5,000  ft 

21°  24' 16.92"  N 
157®  49'  50.96"  W 

D 

LaMoure,  North 
Dakota 

October  1972 

Dickey,  North 

Dakota 

Insulated  Tower/ 
120011 

46°  21' 57,40' N 

98®  20'  8,22'  W 

E 

Piaine  Chabrier, 

La  Reunion  Island 

March  1976 

Riviere  des  Pluies, 

La  Reunion  Island 

Grounded  Tower/ 
1400  ft 

20®  58’  26,90"  S 

55°  17'  23,62' E 

F 

Golfo  Nuevo, 
Chubut,  Argentina 

July  1976 

El  Tehuelche'^ 

Insulated  Tower/ 
1200  ft 

43°  3' 12.79"  S 

65°  11' 26.81"  W 

G 

Woodside,  Victoria, 
Austraiia 

August  1982 

Carrajung,  Victoria, 
Australia 

Grounded  Tower/ 
1400  ft 

38°  28'  52.42"  S 
146°  56'  7.06"  E 

H 

Shushi-Wan, 
Tsushima  Island, 
Japan 

April  1975 

OzakI,  Tsushima 
Island,  Japan 

Insulated  Tower/ 
1500  ft 

34°  36'  53.06"  N 
129°  27' 13.12"  E 

*  Coordinates  based  on  WGS-04  spheroid. 
®  Established  June  1991. 

^Established  September  1988. 


In  the  late  1960s  the  D-station  was  planned  for  siting  in  Minnesota.  However,  efforts  in  the  U.S. 
Congress  to  have  the  station  located  in  North  Dakota  were  successful.  Being  the  first  of  the  fully  opera¬ 
tional  stations,  the  North  Dakota  antenna  is  of  the  older  base  insulator  type. 

The  station  in  La  Reunion  commenced  operations  in  1976  but  the  French  parliament  did  not  for¬ 
mally  approve  the  U.S. -France  bilateral  agreement  until  1981.  This  station’s  antenna  is  the  grounded 
tower  type,  modeled  after  the  Liberia  station  antenna. 

Of  the  stations  constructed  in  the  1970s,  Argentina  was  the  last  to  become  formally  operational, 
although  it  transmitted  signals  at  the  three  common  frequencies  long  before  the  formal  on-air  date. 
Because  it  was  originally  planned  to  follow  the  North  Dakota  station  in  the  on-air  sequence,  Argentina 
has  a  base  insulator  antenna,  modeled  after  the  North  Dakota  station  antenna. 

Up  until  1970,  the  G-station  had  been  planned  for  siting  in  New  Zealand,  However,  a  large 
public  outcry  followed  reports  that  Omega  was  used  by  missile-carrying  submarines  and  the  station 
would  be  a  target  of  the  U.S..S.R,  in  the  event  of  nuclear  war  between  the  two  superpowers.  The  U.S, 
Navy  then  began  negotiations  with  the  government  of  Australia  for  a  station  located  in  that  nation, 


2-20 


O  ]1J>] 
ll-U  «l 


Valley  Span 


Insulated  Tower  Orourided  Tower 

I'igure  2i3'3  The  J  iirec  Priiriwry  'lypei*  ol  Oiiic^ii  AiitciiiiiM 


Protests  similar  to  those  in  New  2^u]und  fulluwcd  public  dUclosuic  uf  irickc  ncgniiuiigiik,  iTebaifk  in 
the  Australian  parliament  conlinucd  for  many  months  before  belnjf  ir.iiolved  In  favor  of  piirkiilng  an 
Australian  station  location,  In  the  interim,  nlternaiive  itutlon  locations  in  New  Caledonia,  New 
Hebrides,  and  other  sites  were  studied.  Construction  of  tlic  Ausiiuliu  station  was  linally  cuiiipleted 
in  1982, 


The  Japan  station  comincnced  operations  In  1973  wlili  u  specially  deslHncd  cylindiical  unluiiiiH 
centered  over  a  base  insulator.  TItis  aiuciina  structure,  iocaicd  on  the  if.iami  ol  i  susiiima,  u  so  large  liiai 
its  guy  wires  arc  anchored  on  nearby  islaiul  i, 
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2.4  EVOLUTION  OF  OMEGA  RECEIVING  SYSTEMS/USER  PROFILES 

2.4.1  First-generation  Systems:  Marine  Receivers 

Omega,  as  conceived  by  the  U.S.  Navy  when  it  authorized  implementation  of  the  system,  was 
primarily  intended  for  marine  users,  both  surface  and  sub-surface.  Omega  was  seen  as  a  navigation  aid 
in  the  open  ocean,  far  from  coastal  areas  where  existing  radionavigation  systems  could  be  used.  More¬ 
over,  the  fact  that  Omega  signals  could  be  detected  some  tens  of  meters  below  the  surface  of  the  ocean 
(depending  on  the  signal-to-noise  ratio  at  the  surface)  made  it  useful  as  a  navigation  aid  for  subma¬ 
rines.  The  system  was  never  considered  accurate  enough  for  weapons  delivery  from  a  submarine  plat¬ 
form  but  was  lookjd  upon  as  an  alternative  navigation  system  for  patrol  craft. 

The  first  operational  Omega  receivers  were  designed  for  shipboard  platforms.  These  were  large, 
bulky  units  with  a  long  whip  antenna,  analog  phase-difference  measuring  circuitry,  and  a  strip-chart 
recorder  to  track  lanes.  Figure  2.4- 1  (from  Ref.  13)  shows  a  block  diagram  of  the  AN/SRN- 12,  the  first 
production-model  receiver  for  U.S.  Navy  ships,  designed  in  the  mid-1960s.  This  receiver  used  all  solid- 
state  components  (no  vacuum  tubes),  considered  an  advanced  feature  at  the  time.  The  receiver  tracked  a 
single  frequency  so  that  separate  units  were  required  for  multi-frequency  use.  Synchronization  to  the 
Omega  time/frequency  pattern  had  to  be  performed  manually.  The  unit  was  configured  to  track  signals 
from  four  stations  and  display  three  lines  of  position  (LOPs)*  with  “nixie  tube”  lights.  Two  chart  record¬ 
ers  were  provided  to  furnish  permanent  records  of  the  vessel’s  track  and  to  maintain  lane  count. 


G-272J0 
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Figure  2.4-1 


AN/SRN- 12  Block  Diagram 


*  An  LOP  for  hyperbolic  navigation  is  an  imaginary  curve  on  the  earth’s  surface  for  which  the  phase 
difference  between  two  station  signals  is  a  constant;  the  curve  is  a  special  kind  of  hyperbola  on  a 
spherical  surface. 
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The  ririt  Omegu  rccelvcn  received  a  mixed  reception  from  the  (mostly  U.S.  Nnvy)  users. 
Although  lomc  found  it  accurulc  and  reliable,  others  did  not  and  ncutiy  all  agreed  that  it  demanded 
considerable  time  to  operate,  Manual  lynehronixatlon  to  the  Omega  pattern  (using  blinking  tights  or 
heudphonei)  was  difficult  and  error-prone,  Thick  books  of  tables  were  consulted  to  obtain  propagation 
correctloni  (known  in  llie  late  1960s  as  “sky wave  corrections")  for  the  appropriate  statton/frequency 
nlgnali,  The  propagation  correctloni  were  added  to  the  displayed  LOP  values  and  the  result  plotted  on 
large  navigailonaJ  charts  overprinted  with  Omega  LOPi,  The  chart  recorders  also  hud  to  be  routinely 
checked  to  verify  the  correct  lane  identity. 

The  early  receivers  were  "linear"  in  the  sense  that  there  was  no  limiting  device  for  restricting  the 
level  of  the  lni»ut  ligiiul,  In  tills  type  of  leccivcr,  the  measured  phase  is  very  "clean,"  i.c,,  no  phase  irregu- 
|urllle.s  arc  Introduced  l>y  the  receiver,  but  tlic  detection  circuitry  is  easily  suiuruted  by  in-band  noise 
bursts,  Occnsluiial  noise  bursts  (usually  cuused  by  lightning  discharges  from  both  nearby  and  remote 
locatluns)  generally  result  In  only  minor  effects,  but  a  series  of  sucit  bursts  cun  seriously  degrade  the 
phase  uacking  capability  of  such  receivers, 

Tlic  earliest  operational  Ornega  receiver  designed  specifically  for  submarine  use  was  developed 
in  1 967  (designated  AN/WKN‘3).  'fills  receiver  was  incompatible  wiih  existing  VLF  receiver  antennas 
liiul  wiisieplaccd  in  1969  by  the  AN/ni<N*4,  Although  a  significant  improvcmciu  over  the  ANAVRN-3, 
this  iccciver  was  still  considered  too  large  for  the  submarine  environment  and  tlic  time  required  to 
establish  lane  count  (following  loss  of  signals)  was  lengthy.  The  next  version  of  the  submarine  Omega 
iccclvci  (AN/HKN-7),  produced  in  1972,  burrowed  heavily  from  tlic  technology  used  to  develop  the 
first  ulrhamf  Omega  ivcclvcr  (see  Section  2.4,2),  This  three  •frequency,  fully  auloniaiic  receiver  with  a 
floating  wire  antenna  was  generally  considered  suvecssful  (especially  in  the  Arctic)  in  spite  of  u  scarcity 
of  signals.*  Upciatluiial  evaluation  by  Hie  U.S,  Navy  indiculcd  iiosiiion  accurucics  from  a  few  hundred 
meters  up  to  IW(»  nille', ini'cnr,’'  depths  nl  five  mc’ers  (kef.  14), 

2.4.2  8t'cun(J*gi'iteriit|oit  Systema:  Alrcriin/Mtirine  Kecelvcrs 

Although  the  Omega  mlliiaiy  receiver  development  continued  virtually  uninterrupted  through 
tlic  late  196Us  and  Into  llic  early  iy7Us,  the  second  full  gcncniiion  of  Omega  receivers  for  ch'i/  applica¬ 
tions  was  Iniiuductd  In  the  early  to  mid  ■  1 97Us,  'I  hcsc  sccund-gcncraiion  receivers  iitili/.ed  recent  tcch- 
iioluglc!*!  advaiiccs  in  mltropioccssoi  s  and  high-performance,  low-power  CMOS  circuits  (Ref,  16),  As 


*  Jii'plcmentallon  of  iIk'  full  Omega  sysicinlualjust  t)egimin  1972  so  that  only  four  station  signals  were 
avail, (ble  liclore  1976, 
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a  result,  the  receivers  were  lighter,  smaller,  and  easier  to  operate.  Synchronization  to  the  Omega  pattern 
was  automatic  and,  in  most  receivers,  propagation  corrections  were  calculated  internally.  More  sophis¬ 
ticated  lane  resolution  techniques  were  possible  with  a  microprocessor-based  system  which  resulted  in 
greater  accuracy. 

Many  of  the  advances  that  appeared  in  the  second  generation  of  Omega  receivers  were  first 
employed  in  the  development  of  the  first  operational  Omega  receivers  for  military  aircraft.  The  receiver 
was  designated  the  AN/ARN-99*and  also  served  as  the  model  for  the  AN/BRN-7  submarine  receiver 
mentioned  in  Section  2.4.1.  This  receiver  processed  signals  on  all  three  common  frequencies  trans¬ 
mitted  by  the  Omega  system  and  contained  a  Kalman  estimation  algorithm  for  lane  identification  and 
position  computation  (see  Chapter  4  and  Appendix  D).  Propagation  corrections  were  computed  “on  the 
fly”  using  an  algorithm  based  on  a  model  developed  at  the  Navy  Electronics  Laboratory  (Ref  16).  The 
receiver  utilized  a  loop  (H-field)  antenna  which  was  mounted  in  an  electromagnetically  quiet  location  on 
the  aircraft  skin.  This  type  of  antenna  was  generally  superior  to  earlier  blade  (E-field)  antennas  in  that  it 
avoided  "precipitation  static,”  i.e.,  the  noise  due  to  charged  particles  picked  up  when  passing  through 
clouds  or  fog.  To  minimize  in  -band  noise  and  improve  signal  detection,  the  signals  were  passed  through 
a  limiter  and  converted  to  narrowband  intermediate  frequencies.  A  latitudeAongitude  readout  of  posi¬ 
tion  v/as  also  provided  to  save  time  for  the  pilot/navigator.  Most  of  these  features  are  still  found  in 
modern  Omega  receivers. 

One  factor  that  greatly  enhanced  the  navigation  capability  of  Omega  receivers  in  the  airborne 
environment  was  the  inclusion  of  true  air  speed  and  heading  data  into  the  navigation  solution.  This  “rate- 
aiding”  of  the  Omega  receiver  provided  important  additional  information  which  is  sometimes  critical  in 
navigating  through  periods  of  poor  Omega  signal  -accessibility.  Following  each  navigational  update/ 
solution,  true  air  speed  was  compared  with  the  Omega-computed  ground  track  to  determine  the  speed 
and  direction  of  the  winds  aloft. 

In  the  late  1970s,  fully  automatic  receivers  were  offered  for  shipboard  platforms.  These  receiv¬ 
ers  had  features  that  were,  in  many  ways,  like  their  airborne  counterparts;  i.e.,  three-frequency  signal 
processing,  propagation  corrections  supplied  from  an  internally  executed  algorithm,  automatic  pattern 
synchronization  and  lane  identification,  and  a  latitude/longitude  readout.  Most  of  these  receivers  were 
rate-aided  with  speed  and  heading  provided  by  the  ship’s  electromagnetic  underwater  log  (EM  log)  and 


*An  earlier  prototype  version  was  known  as  AN/ARN-88. 
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compass.  In  spite  of  these  advances,  users  reported  problems  which  were  traced  to  signal  “self- 
interrerence,”  such  as  modal  interference,  cycle  slip/jump,  long-path  dominance,  etc.  (see  Chapters  5 
and  6  for  definition  of  these  terms).  As  a  result,  hybrid  systems  that  combined  Omega  and  a  satellite 
navigation  system  (using  the  TRANSIT  satellite)  became  popular.  These  navigation  systems  advanta¬ 
geously  combined  the  higher  accuracy  of  the  satellite  fixes  with  the  continuous  navigation  capability  of 
Omega.  Such  systems  were  reportedly  quite  accurate  and  reliable  (Ref.  15). 


2.4.3  Modern  Omega  Receiving  Systems 

Several  developments  over  the  years  from  1975  to  1990  contributed  to  improvements  which  led 
to  the  efficient,  reliable,  and  accurate  Omega-based  navigation  systems  available  today.  Figure  2.4-2 
illustrates  a  typical  airborne  Omega  receiver  system  produced  during  this  period.  The  system  comprises 
a  receiver  processor  unit  that  performs  all  computations,  a  control  display  unit  that  acts  as  a  user  (pilot) 
interface,  and  an  antenna  coupler  unit. 


0-27220 
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Figure  2.4-2  Typical  Airborne  Omega  Receiver  System  used  in  the  Early  1980s 
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One  development  during  this  period  that  was  suggested  by  the  earlier  Draco  system  (see  Sec¬ 
tion  2.2)  was  the  utilization  of  the  signals  from  the  VLF  communication  stations  for  navigation.  The 
carrier  signals  from  these  stations  (a  partial  listing  is  provided  in  Table  2.4- 1 )  are  modulated  with  a  mini¬ 
mum  shift  keying  (MSK)  format  utilizing  signals  separated  by  50  Hz.  This  small  frequency  separation 
yields  a  30{X)  kin  phase  difference  “lane”  which  almost  eliminates  lane  ambiguity.  Unlike  the  Omega 
stations,  the  VLF  communication  stations  are  not  synchronized,  so  that  only  phase  changes  from  each 
station  can  be  processed  in  a  navigation  mode.  This  means  that  VLF  signal  processing  is  used  to  supple¬ 
ment  Omega  navigation  rather  than  acting  as  a  substitute.  Moreover,  these  communication  signals  are 
broadcast  for  national  and  international  security  purposes,  so  that  stations  can  switch  frequency,  change 
modulation,  or  temporarily  cease  operation  with  no  advance  warning.  Thus,  although  VLF  signals  serve 
a  very  useful  supplementary  function  in  many  (mostly  airborne)  modem  Omega  receivers,  they  cannot 
play  a  primary  navigational  role  because  the  VLF  communication  signals  are  not  intended  for 
navigation. 


Another  important  development  was  the  availability  of  improved  signal  prediction  data.  One  of 
the  most  important  sets  of  these  data  were  propagation  corrections,  which,  prior  to  1974,  were  made 
available  to  the  public  solely  in  a  tabular  format.  In  1974,  the  U.S.  Coast  Guard/Omega  Navigation  Sys¬ 
tem  Operations  Detail  (ONSOD)  published  a  report  explaining  the  basis  of  the  algorithm  and  including  a 


Table  2.4-1  VLF  Communications  Stations* 


Station 

10 

Location 

Latitude 

Longitude 

Frequency 

(kHz) 

_ 

Radiated 
Power  (kW) 

GBR§ 

Rugby,  U.K. 

52°  22'  N 

1°  11' W 

MEM 

45 

JX§ 

Noviken,  Norway 

66°  58'  N 

13°  53'  E 

45 

NDTt 

Yokosuka,  Japan 

34°  58'  N 

137°  01'E 

17.4 

38 

GQD§ 

Anthorne,  U.K. 

54°  55'  N 

3°  16' W 

19.0 

42 

ICY§ 

Tavolara,  Italy 

40°  55'  N 

5°  45'  W 

43 

NSSt 

Annapolis,  Maryland,  U.S. 

38°  59'  N 

76’  27'  W 

213 

NWet 

Exmouth,  Australia 

21°  49' 3 

114°  10' E 

1800 

NPMt 

Honolulu,  Hawaii,  U.S. 

21°25'N 

158°  09' W 

23.4 

502 

NAAt 

Cutler,  Maine,  U.S, 

44°  39'  N 

67°  17' W 

24.0,  17.8 

1200 

NLKt 

Jim  Creek,  Washington,  U.S. 

48°  12' N 

121°  55' W 

24.8 

245 

NAUt 

Aguada,  Puerto  Rico  (U.S.) 

18"  23' N 

67°  11' W 

28.5 

100 

*  This  tabic  lists  most  of  the  VLF  stations  v/hose  signals  are  utilized  by  conventional  OmegaA/LF  receiving 
systems;  a  complete  list  of  VLF  stations  is  given  in  Ref.  1 7. 

§  Operated  by  the  North  Atlantic  Treaty  Organization  (NATO), 
t  Operated  by  the  U.S.  Navy  (USN). 
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computer  program  listing  (Ref.  1 8).  This  allov.  ed  manufacturers  to  install  a  standardized  PPC  computa¬ 
tional  algorithm  in  a  microprocessor-based  receiver.  An  updated  algorithm  was  published  in  1980 
(Ref.  19).  Equally  important  were  predictions  of  signal  usability,  usually  in  the  form  of  coverage 
diagrams/maps,  which  showed  the  regions  and  times  for  which  signals  from  each  station  should  be  used 
or  avoided  (see  Chapter  10).  This  information  was  usually  digitized  and  stored  in  the  receiver  serving  as 
a  reference  file  by  a  signal  selection  algorithm.  This  use  of  signal  prediction  data  was  made  feasible  by 
the  continued  development  of  smaller,  faster,  and  higher-capacity  microprocessors  throughout  the  late 
1970s  and  1980s. 

In  the  mid-1980s,  “integrated"  navigation  systems  which  intelligently  combined  outputs  from 
several  navigation  sensors,  e.g..  Omega  and  inertial  navigation  systems,  began  to  displace  single-sensor 
units,  especially  in  aircraft.  This  idea  was  carried  even  further  with  “interoperable”  units  which  com¬ 
bined  the  basic  data  (e.g.,  pseudo-ranges)  from  multiple  systems  into  a  single  navigation  output.  This 
concept  also  provides  protection  for  the  user  in  the  event  th.at  one  of  the  systems  becomes  temporarily 
unusable  or  is  phased  out  of  service. 


2.4.4  Changing  Patterns  in  Users  and  Appiications 

As  noted,  Omega  was  primarily  intended  as  a  navigational  aid  for  marine  users.  Thus,  early  em¬ 
phasis  was  placed  on  tne  development  of  operational  Omega  receivers,  such  as  the  AN/SRN- 1 2  for  ship¬ 
board  platforms.  However,  because  of  the  inordinate  amount  of  operator  attention  required,  their 
comparatively  low  reliability,  and  the  relatively  few  stations  available  in  the  1960s  and  early  1970s, 
Omega  marine  receivers  were  not  popular  during  this  period,  especially  in  the  civil  marine  sector. 
Instead,  marine  users  turned  to  TRANSIF  satellite  navigation  systems  in  which  fixes  were  obtained 
through  Doppler  measurements  (i.e.,  measurements  of  the  apparent  signal  frequency  shift  due  to  the 
relative  velocity  between  the  user  and  the  satellite).  The  TRANSIT  satellites  provided  accurate  fixes 
(a  few  hundred  meters  for  the  two-frequency  units)  although  the  time  between  fixes  ranged  from  two  ;o 
six  hours.  Thus,  by  the  time  combined  Omega/TRANSIT  units  (which  were  accurate,  reliable,  and 
required  little  operator  attention)  appeared  in  the  late  1970s,  the  navigation  system  of  choice  for  the  ma¬ 
rine  transportation  community  was  TRANSIT.  Sub-surface  use  of  Omega  fared  .somewhat  better  since; 
(1)  the  users  were  entirely  military  and  (2)  the  initial  unit  (AN/BRN-7)  was  based  on  an  innovative 
aircraft  design.  Although  expensive  to  produce,  submarine  Omega  receivers  have  generally  performed 
well  over  the  past  20  years. 
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As  explained  in  Section  2.4.2,  the  use  of  Omega  receiver  systems  for  aircraft  grew  rapidly  dur¬ 
ing  the  second  generation  of  Omega  receiver  development.  Thus,  from  the  outset,  airborne  Omega 
receivers  enjoyed  the  reputation  for  requiring  little  operator  attention,  high  reliability,  and  reasonably 
good  accuracy.  Supplemented  with  signals  from  the  VLF  communication  stations  and  enhanced  with 
signal  selection/deselection  algorithms  and  improved  PPCs,  airborne  systems  grew  to  dominate  th 
Omega  receiver  markets  in  the  1 980s.  Following  FAA  certification  of  Omega  on  certain  routes,  many  ot 
these  systems  were  acquired  by  air  carriers  for  their  overseas  flights.  In  the  late  1970s,  there  were  large 
acquisitions  of  Omega  receivers  for  military  aircraft,  including  the  Navy’s  P-3  ASW  (anti-submarine 
warfare)  fleet  and  the  Air  Force’s  C-141  transports.  The  systems  were  less  popular  on  general  aviation 
aircraft,  possibly  because  of  their  general  confinement  to  continental  regions,  where  more  accurate  sys¬ 
tems,  such  as  VOR/DME  or  loran  were  in  place.  Except  for  certain  U.S.  Army  applications  (Ref.  20), 
rotary  wing  aircraft  have  seen  limited  use  of  Omega  receivers. 

One  non-navigational  application  of  Omega  signals,  probably  not  foreseen  during  the  early  sys¬ 
tem  implementation,  was  the  tracking  of  meteorological  balloons  whose  use  developed  rapidly  in  the 
1980s.  In  these  systems,  balloon-borne  radiosondes  repeat  Omega  signals  to  a  ground  controller  which 
tracks  the  balloon  position  and  computes  a  wind  speed  profile  with  altitude.  By  using  Omega  signals, 
these  expendable  units  are  inexpensive  and  can  be  used  practically  anywhere  on  the  globe.  Recent  fig¬ 
ures  (Ref.  21)  indicate  that  over  100,000  of  these  units  are  deployed  each  year. 

2.5  HISTORICAL  DEVELOPMENTS  IN  OMEGA  USER  SUPPORT 

Much  of  the  early  work  in  Omega  involved  testing  the  feasibility  of  a  long-range  VLF  navigation 
system,  including  the  stability  of  signal  generation  and  the  signals’  day-to-day  phase  variation.  Later 
work  was  primarily  devoted  to  station  construction  and  receiver  development.  Perhaps  the  earliest 
significant  suppon  provided  to  Omega  users  was  the  development  of  Omega  charts  and  lattice  tables  by 
the  U.S.  Naval  Oceanographic  Office  and  later  the  U.S.  Defense  Mapping  Agency.  Following  construc¬ 
tion  of  the  stations  (except  for  Australia)  in  the  latter  part  of  the  1 970s,  Omega  user  support,  principally 
by  the  U.S.  Coast  Guard,  began  to  assume  a  more  important  role. 

2.5.1  System  Notifications  and  Communication 

Because  Omega  is  an  open,  freely  accessible,  global  navigation  system,  it  has  always  been  a 
challenging  task  to  notify  its  users  of  planned  station  off-airs,  reduced  power  operation,  insertion  of  new 
station  signals,  and  other  such  critical  information.  The  Omega  Implementation  Committee  had  recom- 
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mended  that  the  suggested  modulation  frequencies  (which  were  never  implemented)  be  used  to  warn 
users  of  anomalous  conditions,  such  as  Sudden  Ionospheric  Disturbances  (SIDs)  or  Polar  Cap  Distur¬ 
bances*  (PCDs)  (see  Chapter  6  for  definitions  of  these  terms).  This  recommendation  was  never 
implemented  so  that  Omega  operations  personnel  had  to  seek  other  ways  to  notify  users. 

When  ONSOD  was  formed  in  197 1 ,  an  operations  staff  was  appointed  to  coordinate  system  noti¬ 
fications  and  communications  with  stations,  operating  agencies,  and  users.  Initially,  notices  of  critical 
importance  to  Omega  users  were  relayed  through  the  Defense  Mapping  Agency  (DMA).  These  notices 
included  such  events  as: 

•  Imminent  station  off-air 

•  Occurrence  of  an  anomalous  event  (e.g.,  PCD) 

•  Longer-term  scheduled  station  off-air 

•  Reduction  of  station  power 

•  Bringing  a  new  station  on-line. 

In  response,  DMA  issued  warnings  through  a  marine  communications  network  in  the  Atlantic 
(HYDROLANT)  and  the  Pacific  (HYDROPAC)  Ocean  areas.  DMA  also  disseminated  the  information 
in  (hard-copy)  Notices  to  Mariners  and  Broadcast  Notices  to  Mariners.  Local  Notices  to  Manners  are 
issued  by  U.S.  Coast  Guard  District  Offices.  As  aircraft  use  of  Omega  increased,  notices  were  also  for¬ 
warded  to  the  Federal  Avia  '  on  Administration  (FAA)  which,  in  turn,  sent  out  NOTAMs  (Notices  to  Air¬ 
men)  through  its  network  of  airports  and  regional  offices. 

Some  anomalous  events  such  as  SIDs  are  relatively  short,  so  that  a  warning  message  requiring 
many  hours  to  deliver  makes  little  sense.  A  PCD,  on  the  other  hand,  can  persist  for  several  days,  so  that 
occurrence  notifications  are  appropriate.  In  the  1980s,  a  procedure  (currently  in  effect)  was  set  up  to 
increase  the  reliability  of  the  PCD  warnings.  Stations  on  either  end  of  transpolar  paths  (paths  which 
transit  the  north  or  south  geomagnetic  polar  regions^)  are  asked  to  report  when  the  phase  on  these  patns  is 
depressed  by  more  than  0,2  cycle  for  1  to  2  hours.  These  reports  are  evaluated  and  compared  with  infor¬ 
mation  from  the  Space  Environmental  Services  Center  (SESC)  in  Boulder,  Colorado,  and  a  warning 
message  is  issued  by  ONSCEN  if  all  reports  are  consistent. 


*  Closely  related  to  a  folar  Uap  Absorption  (t'L-A)  event. 

§The  geomagnetic  polar  regions  are  circular  areas  ot  approximately  1800  nm  radius  centered  at  the 
north  and  south  geomagnetic  poles. 
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Beginning  around  1 980,  Omega  status  advisories  and  warnings  were  broadcast  on  frequencies  of 
2,5,5, 10,  and  15  MHz  from  HF  broadcasting  stations  WWV  in  Fort  Collins,  Colorado  andWWVHon 
the  island  of  Kauai  in  Hawaii,  A  40-sccond  slot  is  provided  at  16  minutes  past  the  hour  (WWV)  and  47 
minutes  pa.si  the  hour  (WWVH)  for  information  regarding  station  status,  planned  off-airs,  and  event 
warnings,  Because  of  the  widespread  use  of  WWV/VVWVH  as  a  timing  signal,  it  is  thought  that  this 
mode  of  dissemination  reaches  the  greatest  number  of  Omega  users. 

Communications  with  the  stations  and  operating  agencies  were  initially  by  voice  (telephone) 
and  m.-;sN'igc  (teletype).  These  were  frequently  difficult  with  remote  stations  such  as  Liberia  or 
Lu  Reunion,  Message  handling  improved  with  the  use  of  AUTODIN  (AUTOmatic  Digital  Network),  a 
niiliiary  communications  system.  Omega  status  messages  arc  now  sent  to  a  variety  of  government 
fcuiirccs  v  ia  AUTODIN  and  commercial  activities  via  telex  on  a  weekly  basi.s,  In  addition  to  warnings 
and  planned  staiiun  off-airs,  tlie.se  messages  provide  a  detailed  listing  of  station  off-air  times  during  the 
prcccdiri,t;  week. 


2.5<2  I'ropagiitloii  (  orrccllon.s 


I’rol'agatioii  Corrections  (Pl’Cs)  arc  indispensable  for  the  proper  use  of  Omega  signals.  The  PPC 
Is  designed  to  i(djll^t  the  received  signal  plue  c  to  a  “nominal”  model  in  which  the  phase  is  a  fixed  linear 
luiiclioii  ol  distance,  iiidojiciulciit  of  lime  or  direction  of  signal  propagation.  The  Implementation  Com- 
inlllce  lecugni/ed  the  need  for  "diurnal"  corrections  but  recommended  they  be  prepared  and  distributed 
ill  (lie  fill  mol  "compeiisalion  graphs,"  Subsequently,  it  was  found  simpler  for  the  shipboard  navigator  to 
use  Uililcs  ul  Loiicclions  keyed  lo  location  (4”  latitude  x  4''  longiiiide)  and  lime  (hour,  half-month,  and 
yeaf),  'I  liesc  table  -  weie  b.ised  tni  a  iiit;del  developed  by  the  Naval  Lleeironics  Laboratuiy  (now  NOSC) 
nnd  wcie  jmidtiecd  I'y  tlic  Naval  Uceaiiogiaphie  Office  (later  by  F'Ma). 


An  tJNSbrD  lepoii  (Kef,  IHg  widely  disirilniied  in  1‘I74  exiilained  ilic  semi-empirical  model  of 
ilgnal  |iioji,igaiiuii  (oiicn  leleiicd  to  a-,  the  I’I'C  inodcl)  on  which  the  IM’Cs  were  based,  The  model 
coniliiii*.  I  ■  sol'  1  li'iiii  cofiij'lex  ilicoieiical  calculations  with  ohsci  ved  signal  pliasc  -lata  to  achieve  a 
pliyslch-l  iiscd,  ilii'ii  di  ivcii  sigii.d  pi  ;i',c  picdiction  algoritliiii,  Tlie  rcjioi'l  also  jirc.seiited  the  coded  form 
ot  I  he  i.huiiiilim  so  that  aii  vouc  with  acuinpiiici  could  pi-iduce  Pi’Cs  at  any  point  in  space  and  time,  '1  his 
id  -n  li.i'l  ilic  iidviiii!,ig,i'  ol  (",iiili|i',liiiig  ,i  slaiidaid  I’l’C  model  whose  performance  is  iiniversally  under- 
kiood  iind  doiiiMiviiled 


2  30 


The  model  was  recalibrated  several  times  for  specialized  cases  (local  regions  and  global/single 
frequency)  in  the  late  1970s.  In  1980,  however,  an  “official”  three-frequency  upgrade  and  recalibration 
of  the  model  was  produced.  This  recalibration  was  based  on  ph.  data  collected  at  many  locations 
around  the  world  from  1965  to  1979.  In  1977,  ONSOD  purchased  specially-developed  Omega  monitors 
to  provide  a  uniformly  high-quality  database  for  PPG  model  calibration.  The  monitor  sets  (MX  1 1 04)  that 
were  ultimately  produced,  hov  ever,  were  not  fully  deployed  over  the  globe  until  the  1980s  so  that  only  a 
small  fraction  of  the  new  monitor  data  was  used  in  the  1980  PPG  model  recalibration.  In  addition,  the 
1980  model  contained  a  new  “term”  (in  the  computation  of  predicted  phase),  which  was  exponentially 
dependent  on  year.*  Inthelate  1980s,  sufficient  MX  11 04  data  had  been  collected  to  provide  a  full  global 
database  for  another  PPG  model  recalibration.  This  high-quality  data,  together  with  reports  of  time- 
dependent  phase  errors  in  the  1980  model  led  ONSGEN  (formerly  ONSOD)  in  1989  to  initiate  an  effort 
to  develop  and  calibrate  a  new  PPG  model. 

2.5.3  Omega  System  Signal  Prediction  Products 

Omega  user  information  support  products  have  evolved  in  consonance  with  a  growing  system,  a 
changing  user  population,  and  advancing  technology.  Figure  2.5- 1  provides  a  time-line  for  the  develop¬ 
ment  of  the  two  principal  categories  of  user  information  support  products:  coverage  data  and  propaga¬ 
tion  corrections.  For  reference,  other  dates  are  also  shown,  including  commencement  of  operation  for 
each  of  the  current  stations  and  ONSOD/ONSCEN. 

As  noted  above,  most  effort  in  the  early  1970s  was  concentrated  on  station  construction  and 
bringing  each  new  station’s  operations  on-line.  During  this  period,  user  support  products  emphasized 
information  on  new  transmitting  stations  as  they  were  brought  into  the  system.  Thus,  for  example,  cov¬ 
erage  information  was  intended  to  piovide  only  “representative”  data  (e.g,,  local  day,  local  night)  on 
expected  signal  accessibility  for  each  station  and  the  .system. 

The  marked  shift  in  the  Omega  user/platform  mix  during  the  early  1970s  also  influenced  the  types 
of  Omega  user  support  information  produced,  As  the  Omega  user  community  evolved  from  marine- 
dominated  to  airborne-dominated,  corresponding  changes  w  lade  in  coverage  information.  Thus, 
for  example,  coverage  conditions  applicable  to  the  marine  user,  e.g. ,  portrayal  of  local-time  signal  cover¬ 
age,  were  changed  to  those  tailored  to  the  airborne  user,  e.g.,  signal  coverage  for  several  global  times. 


*  By  1990,  ON.SCEN  determined  that  this  term  had  grown  beyond  that  pro  jected  in  the  1980  calibration 
and  was  beginning  to  seriously  degrade  pha.sc  prediction  accuracy.  As  a  result,  ONSGEN  directed 
that  the  term  be  deleted  from  all  PPG  model  .software  (Ref.  22), 
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Figure  2^-1  Evolution  of  Omega  User  Support  Products 


Advancing  information  display  technology  also  changed  the  format  and  use  of  Omega  user  sup¬ 
port  information.  As  shown  in  Fig.  2.5-1,  early  coverage  products  were  provided  exclusively  in  hard 
copy.  As  microprocessor  technology  moved  forward  to  make  personal  computers  commonplace,  cover¬ 
age  information  was  disseminated  as  a  software  package  for  use  on  a  PC  with  a  color  graphics  terminal. 
The  electronic  medium  not  only  allows  rapid  access/efficient  storage,  but  also  permits  use  of  other  fea¬ 
tures,  such  as  toggling  and  overlays  to  enhance  understanding  of  the  coverage  characteristics. 

Before  Omega  was  declared  fully  operational,  the  system  providers  needed  the  fully  operational 
system  coverage  information  to  evaluate  Omega  as  a  replacement  for  Loran-A  and  other  similar  radio- 
navigation  systems.  In  response  to  this  need,  the  first  coverage  product,  in  the  form  of  signal  coverage 
diagrams,  was  developed  in  1976.  Due  to  changing  Omega  user  population  and  requirements  and  im¬ 
proving  Omega  receiver/display  technologies,  the  content  and  display  of  the  information  have  under¬ 
gone  several  improvements  (see  Chapter  10). 

The  first  coverage  information  product  consisted  of  two  hard-copy  coverage  diagrams  displaying 
the  worldwide  availability  of  coverage  from  the  fully  operational  (eight-station)  Omega  system: 

•  For  the  primary  Omega  navigational  signal  frequency  of  10.2  kHz 

•  For  the  “usable”  signal  accesscriteriaconsistent  with  known  receiver  characteristics 

•  At  two  local  times  having  the  supposed  “worst”  (local  summer  noon)  and  “best” 

(local  winter  midnight)  local  propagation  conditions  for  the  Omega  signals. 

The  diagrams  were  developed  using  the  best  available  theoretical  Omega  signal  propagation  models. 
These  models  have  also  undergone  several  improvements  and  have  been  used  to  develop  later  coverage 
products.  Although  the  hard-copy  diagrams  were  extremely  complex  to  interpret  and  use,  there  was  no 
other  readily  available  way  to  display  the  coverage  information  with  the  available  technology. 

Later  diagrams  were  constructed  using  improved  coverage  prediction  models  for  ei. 'ht  fixed  global 
times  at  10,2  and  13.6  kHz.  The  eight  times  (0600  and  1800  UT  in  the  months  of  Fcbruiuy,  May,  August, 
and  November)  were  selected  to  provide  an  adequate  sample  of  the  time-dependent  global  coverage  using  a 
manageable  number  of  diagrams.  Initially,  these  diagrams  were  provided  in  hard-copy  format,  but  with  the 
advent  of  inexpensive  microprocessors,  this  coverage  information  was  incorporated  into  Omega  ACCESS 
(Automated  Composite  Coverage  Evaluator  of  System  Signals),  a  computer-based  Omega  coverage  dis¬ 
play  and  analysis  product  (sec  Chapter  10).  This  method  of  coverage  display  allows  for  greater  flexibility  in 
portraying  '■ignal  coverage  than  hard-copy  diagrams.  Omega  ACCESS  was  targeted  for  IBM  PC/XT/ AT 
machines  with  CGA  color  monitors  with  or  without  a  mou.se.  Allliough  the  underlying  signal  coverage  data 
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included  only  fixed  threshold  information,  the  use  of  color  made  the  display  more  appealing.  More  impor¬ 
tantly,  the  computer  environment  readily  permitted  the  “compositing”  of  multiple  single-station  coverage 
diagrams  to  display  system  coverage  under  a  variety  of  conditions. 

The  eight-time  coverage  diagrams  were  found  to  vary:  ( 1 )  little  from  one  computed  month  to  the 
next,  and  (2)  significantly  between  the  two  computed  hours.  As  a  consequence,  the  eight-time  coverage 
information  was  useful,  but  not  adequate  to  determine  coverage  between  the  two  computed  hours.  It 
was  recognized  that  24-hour  coverage  information  was  necessary  to  properly  characterize  the  Omega 
signal  environment  both  as  a  prediction  tool  for  users  and  as  a  means  of  system  performance  assessment. 

In  1989,  the  Omega  Navigation  System  Center  (ONSCEN)  sponsored  development  of  a  24-hour- 
a-day,  four-month  worldwide  database  of  signal  coverage  calculations  at  10.2  and  13.6  kHz.  This  database 
was  developed  primaiily  as  a  component  of  the  Omega  System  Availability  Model,  a  model  that 
establishes  the  framework  for  calculation  of  the  overall  Omega  system  availability  (a  system  perform¬ 
ance  index),  computed  for  a  given  scenario  by  means  of  a  computer  workstation  known  as  PACE 
(Performance  Assessment  and  Coverage  Evaluation).  This  new  coverage  database  not  only  expands  the 
time  domain  of  the  signal  coverage  data  by  a  factor  of  12,  but  also  spatially  references  the  data  in  a  matrix 
format  of  latitude/longitude  cells.  The  24-hour-a-day,  four-month/two-frequcncy  signal  coverage  data¬ 
base  and  some  of  the  PACE  features  are  included  in  an  expanded  version  of  Omega  ACCESS,  known  as 
Omega  ACCESS  11. 

2.5.4  Omega  User  Group 

Users  of  most  large,  freely  accessible  navigation  or  communication  systems  eventually  form 
user  associations  in  order  to  obtain  basic  system  information/access,  make  inquiries  regarding  future 
plans,  and  share  experiences  with  other  users.  Omega  is  no  exception  to  this  process  and  has  had  an 
active  user  association  in  place  since  1975.  Until  1993  the  group  was  known  as  the  International  Omega 
Association  (lOA).  In  1993,  the  organization  sought  to  widen  its  scope  and  became  the  International 
Navigation  Association  (INA).’" 


*The  IN  A  address  is: 

International  Navigation  Association,  Inc, 

P.O.  Box  2324 

Arlington,  VA  22202-0324 

USA 


In  February  1975,  the  first  planning  meeting  for  an  Omega  siippoii  group  was  Itcltl,  A  link-up 
with  the  Wild  Goose  Association  (WOA,  the  Loran-C  user  group)  was  briefly  considered  but  rejected 
because  of  the  perceived  need  for  a  distinctly  international  group,  A  constitution  and  set  of  byluwi  were 
drafted  and  approved  later  that  year,  As  stated  in  the  original  constitution,  the  mission  of  the  lOA  was  to: 

•  Advance  the  cause  of  Omega  as  an  intcrnullonal  navigation  aid 

•  Encourage  the  use  of  Oincga  by  alt  segmenti  of  the  internationul  navigatiort 
community 

•  Disseminate  information  on  the  status  of  the  system  and  dc  velupmciits  reluled  to  it 

•  Provide  an  international  forum  for  the  exchange  of  information  concerning  Omega 

•  Work  with  other  urgani/alions  for  the  advancement  of  the  an  of  navlgaiion 

•  Hneourage  standard!/, alien  and  the  generation  of  specificaliuns  iur  all  classes  of 
Omega  users, 

The  bylaws  of  the  INA  (adopted  March  1993)  Incorporated  most  of  these  ohjccilvcs  hut  broadened  lliclr 
scope  to  include  all  long-range  radionavlgatlon  systems,  More  than  300  icpicscntatlvci  from  the  ui-er, 
industty,  governiiicnt,  and  the  academic  communities  attended  the  first  annual  lOA  meeting  in  Arling¬ 
ton,  Virginia  in  July  1976,  The  attendees  included  reprcscnialivcs  from  the  U.S,,  ,^U5lr!t!l!!,  Canada, 
England,  France,  and  Norway  (Kef,  23), 

'I'hc  annual  meetings  have  been  the  chief  focus  of  the  |(M/INA’s  technical  activity,  In  keepitig 
with  its  charter,  tite  lOA/INA  has  alternated  meeting  sites  hetween  IhS,  and  non-U<S,  locations, 
Table  2,5-1  lists  the  lOA/lNA  annual  meetings  and  locations  tluoiigh  1 993,  The  nieellngs  generally  last 
one  week  and  include  several  tutorial  sessions,  a  full  program  of  tcclmlcal  |»ieseniitiiuns,  two  user 
forums,  a  business  meeting,  and  a  navigaiion-rcjatcd  field  trip. 

rorcmo,st  among  lOA/lNA  piihlieatlons  are  the  piucceding:*  i;f  (he  antiual  mcelliigs  (liiciiidlng 
transcripts  of  questions  and  coniiuents),  which  serve  as  a  piimaiy  lutlilviil  miuicc  fui  Umega  liiloiiiia 
tion,  The  INA  also  issues  a  newsletter  several  times  during  the  year  and  maintains  a  hibliugiapliy  of 
Omega  publications,  The  INA  is  loosely  alTilialed  with  tin-  Iiistilule  ol  Navigiithm  and  maintains  an 
iiilormul  rclulionsliip  with  the  WOA  and  the  Institute  of  liiccirical  and  lilcciiiuilcs  I'-ngInccrs,  Mmilly,  in 
keeping  with  il.s  advocacy  role,  the  INA  encourages  concerned  useis  lo  cumiiiuiilcate  Iheli  suppoil  for 
the  system  to  U,S,  Dcj)arlmcni  ofTraiisjantatlon  which,  logcilici  with  the  U,,S,  I)cpaiimciii  ol  Deleiisc, 
piiblishc.s  the  Irderal  Kadionavigatioii  Plan,  This  plan,  which  is  juiiilly  signed  hy  the  fsecicluiles  ol 
Vransporiatiori  and  Defense,  promulgiiics  U,S,  policy  regaiding  the  luliiic  rolc.s  ol  ledeially  supported 
navigalioii  systems,  ('uircnl  plans  are  that  (,)jiicga  will  conlimic’  ii|H'iatioii  lliloiigli  at  least  the  turn  ol 
tlie  century, 
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lnl«rniitloniil  Uiitsgii  Aiiorli.lluti/lnliirnttUutinl  NnvIgMlioii  Amocltttlon 
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2,6  ABBREVIATIONS/ACRONYMS 


A 

ACCESS 

ACU 

AN/ARN-88 

AN/ARN-99 

AN/SRN-12 

AN/WRN-3 

AN/BKN-4 

AN/BRN>7 

ASW 

AUTODIN 

B 

C 

CDU 

(RT 

CW 

D 

DMA 

DME 

li 

r 

I'AA 

)'r, 

rsK 

o 

!1 

HI' 

MYDROLANT 

HYDROPAC 

II/, 

IP 

INA 

lOA 


Omega  Station  Norway 

Automated  Composite  Coverage  Evaluator  of  System  Signals 
Antenna  Coupler  Unit 

Prototype  airborne  Omega  receiver  for  U.S,  Navy 
First-generation  airborne  Omega  receiver  for  U.S,  Navy 
First-generation  .shipboard  Omega  receiver  for  U.S.  Navy 
Prototype  submarine  Omega  receiver  for  U.S.  Navy 
First-generation  .submarine  Omega  receiver  for  U.S,  Navy 
Second-generation  .submarine  Omega  receiver  for  U.S.  Navy 
Anti-.submarinc  Warfare 
AUTOmatic  Digital  Network 
Omega  Station  Liberia  (formerly  Trinidad) 

Omega  Station  Hawaii 
Control  Display  Unit 
Cathode  Ray  Tube 
Continuous  Wave 

Omega  Station  North  Dakota  (formerly  Forestport,  NY) 

Defense  Mapping  Agency 

Distance  Measuring  Equipment 

Omega  Station  La  Reunion 

Omega  Station  Argentina 

Federal  Aviation  Administration 

France 

Frequency  Shift  Keying 
Omega  Station  Australia 
Omega  Station  Japan 
High  Frequency 

Hydrographic  warnings  for  the  Atlantic  Ocean  region 
Hydrographic  warnings  for  the  Pacific  Ocean  region 
I  leii/ 

Iniermcdiale  fTequcncy 
Inicrnationul  Navigation  Association 
International  Omega  Association 


lOTC 

International  Omega  Technical  Commission 

kHz 

Kilohertz 

km 

Kilometer 

kW 

Kilowatt 

LF 

Low  Frequency 

LOP 

Line  of  Position 

MF 

Medium  Frequency 

MHz 

Megahertz 

MX  1104 

Omega  monitor  receiver  used  by  ONSOD/ONSCEN 

NATO 

North  Atlantic  Treaty  Organization 

NOSC 

Naval  Ocean  Systems  Center 

NOTAM 

Notice  to  Airmen 

N.Z. 

New  Zealand 

ONSCEN 

Omega  Navigation  System  Center 

ONSOD 

Omega  Navigation  System  Operations  Detail 

PACE 

Performance  Assessment  and  Coverage  Evaluation 

PCA 

Polar  Cap  Absorption 

PCD 

Polar  Cap  Disturbance 

PPC 

Propagation  Correction 

RF 

Radio  Frequency 

RMS 

Root  Mean  Squared 

RPU 

Receiver  Processor  Unit 

SESC 

Space  Environmental  Services  Center 

SID 

Sudden  Ionospheric  Disturbance 

TRANSIT 

U.S.  Navy  navigation  satellite  system 

U.K. 

United  Kingdom 

USN 

U.S.  Navy 

VHF 

Very  High  Frequency 

VLF 

Very  Low  Frequency 

VOR 

VHF  Omni-directional  Receiver 

W 

Watts 

WGA 

Wild  Goose  Association  (Loian) 

WWV 

Timing  signal  broadcast  station  —  Fort  Collins,  CO 

WWVH 

Timing  signal  broadcast  station  —  Kauai  Island,  HI 
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CHAPTERS 

OMEGA  TRANSMITTING  STATIONS 

Chapter  Overview  —  This  chapter  describes  some  important  features  of  the  Omega 
transmitting  station  network,  including  its  operation  as  a  coordinated  system  and  the 
suite  of  equipment  at  each  station.  Following  the  chapter  introduction  in  Section  3. 1,  the  ' 

system  operating  policy  and  operational  procedures  are  explained  in  Section  3.2.  This 
section  also  contains  a  description  of  station  maintenance  procedures.  Section  3.3  pres¬ 
ents  the  Omega  signal  specification  and  other  important  system  parameters  and  data. 

Section  3.4  provides  an  overview  of  the  major  equipment  subsystems  at  each  station:  tim¬ 
ing  and  control,  transmitter,  antenna  tuning,  and  the  antenna  structure.  Finally,  the 
near-field  behavior  of  the  radiated  signal  and  its  relationship  to  antenna  currents  and 
other  parameters  are  explained  in  Section  3.5.  Sample  problems  tnd  problems  to  be 
solved  by  the  reader  are  found  in  Section  3.6.  Abbreviations  arui  acronyms  used  in  the 
chapter  are  given  in  Section  3.7,  followed  by  the  cited  references  listed  in  Section  3.8. 

3.1  INTRODUCTION 

The  signals  from  the  eight  Omega  transmitting  stations  shown  in  Fig.  3.1-1  provide  continuous 
signal  coverage  over  most  of  the  globe.  The  signals  are  generated  using  electronics  equipment  that  is 
virtually  the  same  for  all  stations  in  the  system;  the  station  antennas,  however,  differ  substantially. 
Because  they  radiate  long-wavelength  VLF  signals,  the  antennas  are  the  largest  physical  structures  at  the 
stations.  Due  to  its  size,  the  antenna  structure  often  makes  use  of  the  local  terrain,  for  example,  in 
Norway,  a  portion  of  the  antenna  spans  a  fjord. 
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Three  types  of  antennas  are  employed  in  the  Omega  system:  (1)  grounded  tower,  (2)  insulated 
tower,  and  (3)  valley-span.  Beyond  the  antenna,  about  20  to  50  km  from  the  effective  phase  center,  each 
station  has  an  associated  signal  monitoring  facility.  These  unattended  facilities  perform  several  func¬ 
tions,  including  monitoring  the  performance  of  the  associated  station,  providing  data  necessary  to  phase- 
synchronize  the  stations,  and  detecting  the  effects  of  solar-terrestrial  events  that  cause  anomalous  shifts 
of  the  propagated  signal  phase.  _  _ 

Table  3.1-1  provides  information  on  the  eight  Omega  stations  including  the  name  of  the  munici¬ 
pality  nearest  to  each  transmitting  station.  The  associated  transmitting  antenna  types  and  their  approxi¬ 
mate  dimensions  are  edso  included  in  the  table. 

The  Omega  signal  transmission  format  is  illustrated  in  Fig.  3. 1-2.  Across  each  of  the  eight  rows 
in  the  figure  is  a  10-second  sample  of  the  signal  frequencies  transmitted  by  a  particular  station.  Important 
features  of  this  time/frequency  multiplex  format  are: 

•  Four  common  signal  frequencies  are  transmitted:  10.2, 1 1 V3, 13.6,  and  1 1 .05  kHz 

•  One  unique  signal  frequency  is  transmitted  by  each  station 

•  An  interval  of  0.2  second  separates  each  of  the  eight  transmissions 

•  The  transmission  periods  vary  in  length. 


Table  3.1-1  Omega  Transmitting  Station  Locations  and  Antenna  Types 


STATION  LETTER 
DESIGNATION 

NEAREST 

MUNICIPALITY 

ANTENNA  TYPE 
(DIMENSION) 

POSITION!* 

Latitude 

Longitude 

A 

Bratland,  Norway 

Valley  Opan  (2  spans) 
(3505  m) 

66°  25' 12.68"  N 

13=  8'  13.07"  E 

E 

Paynosville,  Liberia 

Grounded  Tower 
(427  m) 

6=  18'  19.26"  N 

10°  39' 51 .85"  W 

C 

Kaneohe,  Hawaii 

Valley  Span  (6  spans) 
(1524  m) 

21°  24' 16.92"  N 

157°  49'  50,96"  W 

D 

LaMoure,  North  Dakota 

Insulated  Tower 
(366  m) 

46°  21' 57.40"  N 

98°  20'  8.22"  W 

E 

Plaine  Chabrier,  La  Reunion  Island 

Grounded  Tower 
(427  m) 

20°  58'  26.90"  S 

55°  1 7' 23.62"  E 

F 

Golfo  Nuevo,  Chubut,  Argentina 

Insulated  Tower 
(366  m) 

43°  3'  12.79"  S 

65°  11' 26.81"  W 

G 

Woodside,  Victoria  Australia 

Grounded  Tower 
(427  m) 

38°  23'  52.42"  S 

146°  56' 7.06"  E 

H 

Shushi-Wan,  Tsushima  Island,  Japan 

34°  36'  56.^5"  N 

129°  27' 13.12"  E 

•Coordinates  based  on  WGS-84  spheroid. 
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Signal  Frequency  in  kHz 

Figure  3.1-2  Omega  Signal  Transmission  Format 


The  last  feature  makes  it  possible  to  synchronize  a  receiver  to  the  format  in  the  stand-alone  mode 
of  operation.  For  example,  if  a  user  determines  that  a  10.2  kHz  transmission  segment  (repeated  every 
10  seconds)  is  1.2  seconds  in  duration,  then,  according  to  Fig.  3.1-2,  the  transmitting  station  could  be 
either  Station  D  (North  Dakota)  or  Station  G  (Australia).  However,  a  measurement  of  the  duration  of  the 
succeeding  transmission  segment  at  a  frequency  of  13.6  kHz  would  discriminate  between  Station  D 
(1.1  seconds)  and  Station  G  (1.0  second). 

At  any  given  common  frequency.  Omega  signals  from  each  station  are  time-synchronized  to 
each  other  to  within  an  accuracy  of  about  two  microseconds.  Moreover,  the  stations  are  also  synchro¬ 
nized  to  within  1  to  2  microseconds  of  the  UTC  epoch  (a  specific  time  marker).  Time-syi*chronization  at 
each  station  is  measured  with  respect  to  the  station  epoch,  the  point  in  time  (repeated  every  30  seconds)  at 
which  all  station  signal  frequencies  are  aligned  and  the  signal  at  the  antenna  is  zero  with  the  signal  level 
(voltage)  increasing  positively.  Thus,  the  Omega  epochs  at  all  stations  have  an  average  value  (the  mean 
system  time)  that  is  within  1  to  2  microseconds  of  the  UTC  epoch  and  a  scatter  of  less  than  2  micro¬ 
seconds.  On  a  scale  of  seconds,  however.  Omega  and  UTC  time  formats  significantly  differ  due  to  the 
injection  of  “leap”  seconds.  At  0000  UT  on  1  January  1972,  the  Omega  and  UTC  scales  were  identical 
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(on  the  scale  of  seconds).  Since  that  time,  however,  leap  seconds  have  been  introduced  into  the  UTC 
time  scale  on  a  nearly  annual  basis,  while  Omega  does  not  include  such  leap  seconds  due  to  substantial 
coordination  and  procedural  difficulties.  Thus,  as  of  31  December  1993,  Omega  time  leads  UTC  by 
18  seconds. 

At  each  station,  the  electronics  equipment  and  supporting  structures  are  usually  described  in 
terms  of  four  major  subsystems: 

•  Timing  and  control 

•  Transmitter 

•  Antenna  tuning 

•  Antenna  structure. 

The  timing  and  control  subsystem  is  the  “master”  equipment  group  at  the  station  since  it  provides  the 
input  signal  at  a  precisely  controlled  frequency  and  phase.  Control  circuitry  in  this  subsystem  also  gov¬ 
erns  the  operation  of  equipment  in  other  subsystems.  The  transmitter  subsystem  is  responsible  for  signal 
amplification  necessary  to  achieve  worldwide  coverage.  The  function  of  the  antenna  tuning  subsystem 
is  to  efficiently  match  the  amplified  signal  level/frequency  with  the  antenna  system  impedance  on  a  real¬ 
time  basis.  The  antenna  structure  itself  is  designed  to  efficiently  launch  the  signal  into  the  earth- 
ionosphere  waveguide. 

Maintaining  the  operation  of  a  full-time  continuously  operating  navigation  system  within  opera¬ 
tional  specifications  is  critically  important  and  challenging.  Wherever  possible,  redundancy  has  been 
incorporated  into  the  station  equipment  design  to  mitigate  critical  component  failures.  Component 
replacement  schedules  are  followed  to  minimize  sudden  failures.  Maintenance  requiring  station  off-air 
is  planned  well  in  advance  during  specific  months  to  minimize  coverage  and  availability  deficiencies. 

Section  3.2  presents  the  operating  principles  and  guidelines  followed  by  ONSCEN  and  the  part¬ 
ner  nations  in  their  mission  to  operate  and  maintain  the  Omega  stations  and  system.  Much  of  the 
information  in  this  section  is  obtained  from  Ref.  1.  Signal  specifications  are  given  in  Section  3.3  and  a 
description  of  the  four  major  equipment  subsystems  at  each  station  is  found  in  Section  3.4.  Finally,  a 
discussion  of  the  fields  in  the  vicinity  of  the  station  antennas,  together  with  the  antenna  currents,  limiting 
voltages  and  power  levels,  and  pulse  waveforms  are  presented  in  Section  3.5. 
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3.2  SYSTEM  OPERATING  POLICY  AND  PROCEDURES 


3.2.1  Omega  System  Operating  Policy 

The  Omega  navigation  system  transmitting  stations  radiate  phase-synchronized  very  low  fre¬ 
quency  ( VLF)  radio  signals  from  eight  stations  that  are  more  or  less  uniformly  spaced  over  the  surface  of 
the  globe.  Under  normal  propagation  conditions,  the  expected  95  percent  radial  two-dimensional  posi¬ 
tion  accuracy  for  a  receiver  with  no  previous  estimate  of  location  (but  with  knowledge  of  proper  lane)  is 
3.6  km.  for  mostly  daytime  paths  and  7.2  km  for  mostly  nighttime  paths.  The  system  is  intended  to  pro¬ 
vide  a  95  percent  system  availability,  i.e.,  a  probability  of  0.95  that  a  user  at  any  worldwide  location  and 
time  can,  with  his  properly  functioning  receiver,  process  three  or  more  usable  Omega  signals  to  achieve 
successful  navigation. 

In  terms  of  operating  elements.,  the  Omega  system  is  composed  of  the  eight  transmitting  stations, 
together  with  operating  and  support  agencies  of  the  partner  nations,  the  Japan  Maritime  Safety  Agency 
(JMS  A),  and  the  United  States  Coast  Guard  Omega  Navigation  System  Center  (ONSCEN).  A  represen¬ 
tative  from  each  operating  agency  is  a  member  of  the  International  Omega  Technical  Commission 
(lOTC),  an  advisory  body  that  establishes  and  coordinates  operating  policy. 

Under  the  direction  of  the  Chief,  Office  of  Navigation  Safety  and  Waterway  Services,  U.S.  Coast 
Guard  Headquarters,  the  Commanding  Officer,  ONSCEN,  is  responsible  for  operational  control  of  the 
Omega  system.  As  the  control  element  for  Omega  operations,  ONSCEN  issues  directives  and  approves 
requests  regarding  operational  status.  Three  of  the  most  important  operational  functions  exercised  by 
ONSCEN  are: 

•  Approval  of  specific  off-air  maintenance  periods 

•  Calculating  weekly  synchronization  data  in  parallel  with  MSA  to  ensure  data 
integrity 

•  Issuing  routine  Omega  status  advisories  and  initiating  navigational  warnings  due 
to  external  events  that  may  adversely  affect  Omega  navigation. 

Station  off-air  requests  usually  concern  specific  dates  for  a  station’s  annual  maintenance  and  are  made 
well  in  advance  of  the  off-air  time.  Less  frequent,  but  more  urgent  requests  for  station  off-air  stem  from 
failure  or  imminent  failure  of  one  or  more  equipment  items  that  require  repair  and  replacement  within  a 
few  hours  to  a  few  days.  The  back-up  computation  of  synchronization  corrections  by  ONSCEN  is 
important  in  ensuring  system  accuracy/integrity  (see  Chapter  7).  Advisories  are  issued  for  a  station’s 


3-5 


emergency  scheduled  off-air  following  approval  of  the  off-air  request.  Warnings  of  polar  cap  distur¬ 
bances  (PCDs),  which  are  detected  by  the  station  monitors  and  directly  affect  signal  phase  on  transpolar 
paths,  are  broadcast  through  standard  dissemination  channels.  Other  operational  functions  performed 
by  ONSCEN  that  are  important  but  less  urgent  include: 

•  Monitoring  overall  system  performance 

•  Acquiring,  processing,  and  analyzing  Omega  signal  data  from  a  network  of  moni¬ 
tors  and  airborne  data  collection  platforms 

•  Performing  system  maintenance  engineering  facility  functions  for  Omega  electronic 
equipment 

•  Coordinating  logistic  support  for  Omega  stations 

•  Providing  annual  Omega  training  for  station  personnel 

•  Consulting  with  other  national  and  international  agencies  on  Omega  activities  of 
mutual  interest 

•  Maintaining  liaison  with  Omega  equipment  manufacturers. 

Signal  monitoring  and  data  acquisition/analysis  activities  are  crucial  to  the  continuing  evaluation  of  system 
performance  (see  Chapter  8).  The  annual  training  function  performed  by  ONSCEN  refers  to  a  multi-week 
course  on  station  operation  and  maintenance  given  at  ONSCEN  for  selected  personnel  from  each  station. 
The  last  bullet  listed  refers  primarily  to  ONSCEN’s  dissemination  of  new  propagation  correction  (PPC) 
models  or  coverage  information  to  receiver  manufacturers  and  the  subsequent  feedback  from  them 
regarding  the  information’s  utility  and  accuracy. 

3.2.2  Omega  System  Partner  Nations 

The  Omega  navigation  system  operates  as  an  international  partnership  by  a  group  of  nations 
whose  members  benefit  from  Omega  as  a  safe  and  reliable  means  of  global  navigation.  Each  station  is 
staffed  and  operated  by  the  country  in  which  it  is  located,  referred  to  as  the  partner  nation.  The  operation 
and  administration  of  the  system  is  governed  by  a  series  of  bilateral  diplomatic  agreements  between  each 
of  the  partner  nations  and  the  United  States.  Each  agreement  specifies  the  mutual  responsibilities  of  the 
partner  nation  and  the  United  States,  including  the  degree  of  material,  technical,  and  financial  support 
required.  Appended  to  the  diplomatic  agreements  are  technical  agreements  containing  the  technical  and 
administrative  details  of  station  operations. 

Each  station  is  responsible  for  continuous  transmission  and  monitoring  of  radiated  Omega  sig¬ 
nals  as  specified  in  the  Operations  Bill  (see  Appendix  G).  A  constant  watch  is  maintained  by  each  station 
to  detect  signal  errors  or  propagation  anomalies  and  insure  proper  operation.  Each  station  provides 
on-the-job  training  to  ensure  qualified  personnel  and  properly  operating  equipment. 
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Each  partner  nation  is  responsible  for  staffing,  operation,  and  management  of  its  transmitting 
station  as  specified  in  the  bilateral  agreement  with  the  United  States.  This  responsibility  is  carried  out  by 
an  operating  agency  designated  by  the  government  of  the  partner  nation.  Additional  coordination  and 
support  may  be  required  from  other  agencies  within  the  partner  nation  government.  The  operating 
agency  normally  acts  as  the  partner  nation’s  focal  point  for  Omega  matters.  Table  3.2-1  lists  the  operat¬ 
ing  agencies  associated  with  the  eight  stations. 


Table  3.2-1  Omega  lYansmitting  Stations  and  Operating  Agencies 


STATION 

OPERATING  AGENCY 

A  Norway 

Nonwegian  Telecommunication  Administration 

B  Liberia 

Liberian  Ministry  of  Transportation,  Commerce,  and  Industry 

C  Hawaii  (USA) 

U.S.  Coast  Guard 

D  North  Dakota  (USA) 

U.S.  Coast  Guard 

E  La  Reunion  (France) 

French  Navy 

F  Argentina 

Argentine  Navy 

G  Australia 

Australian  Maritime  Safety  Authority 

H  Japan 

Japanese  Maritime  Safety  Agency 

In  addition  to  operating  Omega  Station  Japan,  JMSA  is  responsible  for  synchronizing  of  the  sig¬ 
nal  phase  from  all  stations.  The  synchronization  process  consists  of  determining  the  phase  offsets  and 
corrections  and  applying  the  corrections  at  each  station.  The  phase  offsets  are  determined  from  daily 
satellite  timing  measurements  and  reciprocal  path  phase  measurements.  This  weekly  data  is  indepen¬ 
dently  processed  by  both  JMSA  and  ONSCEN  who  verify  each  other’s  results.  JMSA  issues  the  final 
corrections  to  the  stations  where  they  are  implemented  within  a  few  hours  of  receipt. 


3.2.3  Station  Operational  Procedures 

Personnel  at  each  transmitting  station  control  the  transmitted  signal  in  terms  of  time,  frequency, 
amplitude,  and  signal  purity.  The  source  signal  (from  the  on-line  cesium  standard)  is  digitally  processed 
to  produce  signals  at  the  four  common  frequencies  and  one  unique  frequency  according  to  the  signal 
format  assignment  shown  in  Fig.  3.1-2.  The  signal  time-frequency  pattern  for  each  station  is  given  by 
the  format  assignment,  and  the  signal  amplitude  is  controlled  so  that  the  output  radiated  power  is  nomi¬ 
nally  10  kW  (see  Section  3.5). 
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Each  station  maintains  a  24-hour  watch  to  ensure  continuous,  full-power  transmission  on  each 
frequency  at  each  time  segment  according  to  the  Operations  Bill  (Appendix  G).  Training  and  frequent 
review  of  operational  guidelines  ensure  that  station  personnel  act  to  immediately  restore  signal  transmis¬ 
sions  following  an  equipment  failure. 

At  each  station  monitor  receiver  (see  Section  3.3.2),  the  signal  phase  data  received  from  remote 
Omega  stations  is  referenced  to  the  signal  transmitted  by  the  local  station  and  the  results  are  used  for 
synchronization  reporting  and  anomaly  detection.  Phase  data  to  support  system  synchronization 
includes  both  10.2  and  1 3.6  kHz  measurements  on  specific  paths  (remote  stations)  and  times  (UT  hours). 
This  is  necessary  so  that  10.2  and  13.6  kHz  reciprocal  path  information  can  be  derived  and  entered 
directly  into  the  synchronization  program  (see  Chapter  7). 

Received  signal  phase  excursions  from  “normal”  values  exceeding  20  centicycles  (cec)  are 
immediately  reported  to  ONSCEN  since  they  may  represent  the  onset  of  a  polar  cap  disturbance  (PCD; 
see  Chapter  6).  In  this  case,  normal  means  the  average  of  the  phase  data  (path  and  hour)  for  the  previous 
five  days.  The  initial  PCD  report  issued  by  the  station  includes  the  onset  time,  the  path,  and  the  current 
and  reference  phase  values  at  10.2  and  13.6  kHz.  Following  the  initial  PCD  report,  messages  are  sent  to 
ONSCEN  on  a  regular  basis  (same  times  as  those  used  from  synchronization  data  reporting)  specifying 
the  level  (phase  excursion)  of  the  PCD.  Remote  data  access  (see  Chapter  8)  may  also  be  used  to  monitor 
the  PCD  with  much  better  time  resolution.  When  all  or  nearly  all  PCD  reports  indicate  excursions  under 
20  cec,  ONSCEN  instructs  all  reporting  stations  to  cease  further  reports. 

Table  3.2-2  shows  the  measurement  times  for  synchronization  data  as  well  as  for  PCD  reporting. 
Each  measurement  corresponds  to  a  particular  path-time  in  which  the  path  is  represented  by  a  remote 
transmitting  station  and  monitor  receiver  site,  and  the  time  is  indicated  by  UT  hour.  All  measurements 
are  referenced  to  the  time  and  phase  at  the  station  associated  with  the  station  monitor.  In  the  case  of 
Loran-C  and  GPS,  the  receivers  are  located  in  the  Timing  and  Control  Room  at  the  station.  The  transmit¬ 
ting  station  codes  are  listed  in  the  first  column  of  the  table  and  station  monitor  codes  across  the  top. 
Measurement  times  (UT  hours)  for  particular  paths  are  indicated  for  the  entire  year  or  for  designated 
monthly  intervals.  Path-times  marked  by  a  shaded  cell  indicate  additional  use  for  PCD  reporting.  As  an 
example,  the  phase  reading  on  the  path  from  Station  G  (Australia)  to  ARGE2  (Argentina’s  station  moni¬ 
tor)  is  measured  (both  for  synchronization  and  PCD  reporting  purposes)  at  0900  UT  between  April  1  and 
September  30  and  at  21 00  UT  from  October  1  to  March  3 1 .  Note  that  Loran-C  measurements  are  made  at 
only  three  stations,  whereas  GPS  data  is  recorded  at  all  stations. 
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Tabitt  3.2*2  Path*limcg  Tor  Synchronixatlon  Mcagurcmcntg 
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4  Station  Maintenance 

'I'he  princ  ifial  opcraiional  objective  of  the  Omega  Navigation  Syctcrii  Ccntcf  i^  to  cnnuic,  to  the 
I'ullcst  possible  extent,  tlie  cufitimioiis  on-air  and  properly  rum  iioning  mains  of  all  triinMiiitting  stations, 
}(  a  station  must  be  ull-aii.  prompt  advance  notibcution  ol  the  event  to  the  gieaie.si  jro.ssible  number  ol 
users  is  a  primary  goal,  'riie  most  serious  danger  to  system  users  occurs  when  a  siaiion  l)ccome .  disaldcd 
ss  iilunit  any  advance  vvarnliig.  To  iiiinimi/c  this  possibility,  each  station  1  ♦  luitlinii/cd  to  go  on-air  tor  a 
particular  iiiotitli  each  year  lor  mainienaiice  and  jueventive  maintenance, 

•Station  orf-aii  events  are  classilicd  into  ihrcc  gioups; 

•  IJnsclieduIrti  oif-aiis 

•  Scheduled  i»ll'-ali  (shoit  advance  notice) 

•  Annual  iiiaiiitcninice  oil  ait  (loiig  advance  tiolicc) 

Uiiu  lll•(lllll•il  njj  nil  i:\'i‘tiis  icsuli  l(omunloieiieeii  ciicuiiisiaines  usually  cijuipiiiciii  lailuic. 
T  licit  indtvld'.ii!!  i.'ccuiie!!!  es  may  be  cnsidcivd  i.nuloiiihui  cmoplled  statistics  Indicate  chaiiicieilsilcs 
tli.i!  can  be  tied  l''  ilidividual  m.ilioih  (see  ( 'haptei  1 1 ),  Ihischt'diikil  nil  mis  nl  less  itjaii  two  iiiimncs 
di!i,!l!'ii!  ill!'  iiiii  liu'lnded  in  tliesi  sialislics  since  they  ncLin  iiii!eijn'’nlly  niid  ni"st  leccisci  liinc 


con^ianth  arc  greater  than  one  to  two  minutes  so  that  they  are  "transparent"  to  the  user.  Because  these 
events  occur  with  either  no  warning  or  on  extremely  short  notice  to  station  personnel,  no  advance  notifi¬ 
cation  is  given  to  system  user*.  ONSCBN,  however,  is  notified  as  soon  as  possible  of  the  unscheduled 
off-air  occurfcncc,  including  the  probable  lime  for  resumption  of  on-air.  If  the  projected  off-air  duration 
Is  sufficiently  long,  an  advisory  is  issued,  Total  unscheduled  off-air  for  a  month  varies  from  tens  of  min¬ 
utes  to  several  hours,  depending  on  the  station  (Ref,  6), 

Schedukd  off-tdr  events  ajc,  as  the  name  Implies,  planned  conditions  under  wliich  a  stiation 
ceases  operation,  fhese  events  usually  occur  when  siution  |)crsunncl  become  aware  of  an  imminent 
component  failure  that  will  cause  the  station  to  g(»  off-air  for  more  than  30  minutes,  Tltcsc  types  of  off- 
iiirs  are  distingiilsiicd  from  the  lunger-tcriti  annual  maintenance  off-airs  that  arc  not  scheduled  on  the 
basis  of  an  imminent  casualty,  In  these  cases,  "planned"  refers  to  both  the  time  at  which  the  ofl  -air  begins 
and  the  off-air  duration,  Tlic  planning  includes  an  advance  notice  of  the  off-air  conditions  (start  lime  and 
duration)  to  system  users  alihoiiglt  the  amount  of  advance  notice  may  vary  considerably,  depending  on 
the  urgency  of  the  work  to  be  done  during  the  off-air.  Typical  advance  notice  for  these  events  varies  from 
*  to  1 0  days,  iliougii  it  can  be  sitoricr  or  longer.  Total  monthly  scheduled  off-uir  durutions  vary  from  30 
minutes  to  a  few  days,  depending  on  the  station  (Ref.  6). 

A  \lotl<m 's  (inniod  nialniefmce  ucilvliy  involves  off-air  periods  having  two  main  features: 

•  Tlic  off-air  period  for  maintenance  and  repair  occurs  in  a  specific,  dlsilnci  month 
for  each  station  (see  I'ig,  3,2*2) 

f  'Hie  scliedulcd  off-air  period  for  annual  station  iiiaintcnancc  is  planned  well  in 
advance  so  lliui  system  users  are  generally  given  1  to  2  months'  advance  notice, 

Any  antenna,  eicctronics,  or  structurai  iiiainlcmuicc  or  repaif  fuiivtioii  that  isnot  urgeni  is  scheduled  dur¬ 
ing  the  station's  aiiiuial  iiialntciiance  pciiod.  IJeciiuse  of  the  advance  |)liinning,  several  niiiinicnaiicc  or 
repair  projects  can  proceed  in  piirallel  during  tie  off-air,  .Siatlon  personnel  and  coriiructois  often  work 
e.Kira  sliifis  during  this  period,  iiltlioijgh,  when  jcaslble,  the  station  is  soniellnies  brought  on-air  during  a 
slack  period,  c,g„  local  night,  Tlic  uff-iiir  period  fur  niinual  miiintcnancc  cannot  exceed  one  nmnth 
(waived  only  under  very  exceptional  cundllions)  but  the  uclual  period  is  genei'ully  much  sliuiier,  since 
stations  aie  off  aP  only  us  hmg  as  ccjiilpnicnt  of  safely  conslilerations  diwlatc,  l‘or  ni'isi  year,,  aniitiiil 
Miiiiiilciiaiicc  peiiods  vaiy  In  duration  fioni  a  few  days  to  two  weeks,  liifrcijuent  inajoi  proji  els,  sucli  as 
lower  palntiiig  ot  replacing  an  lintenna  span,  may  requiie  an  ciilire  montli.  The  annual  iiudnieiiiiiicc  oil  - 
all  sLlicdiik*  sIminvii  In  j  Ig,  3,2-1  Is  based  on  suchconsMleiaiioiis  us  local  climatic  coiulltl'ais,  avaliamllty 
t)l  m,iiiitcii,iiii  L  coiiinictof,,  opciiitiiig  iigciic)'  budgci  cycles  and  cost  ceilings,  sigii.tkoveiage  and  aviiil 
aljilii)  (sL'c  I'li.ipU'i  (i  ol  Kcl.  0),  aiiij  aiinmil  (biicga  iMiiniiig. 
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Figure  3.2*1  Omega  Station  Annual  Maintenance  Months 
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Ofi'-air  statistics  based  on  historical  data  (Ref.  7)  have  been  compiled  for  use  in  calculating  the 
system  availability  index  by  means  of  the  Performance  Assessment  and  Coverage  Evaluation  (PACE) 
decision  support  tool  (see  Chapter  1 1  and  Appendix  C).  In  the  system  availability  model,  unscheduled 
off-air  events  at  a  station  arc  modeled  as  random  events,  independent  of  off-air  events  at  other  stations. 
Scheduled  off-airs  arc  also  modeled  us  random  events  (in  terms  of  event  knowledge  by  a  u.scr  at  the 
beginning  of  a  month)  but  are  not  independent  of  scheduled  off-air  events  at  other  stations.  Because  their 
occurrence  time  and  duration  arc  usually  known  at  the  beginning  of  a  month,  annual  maintenance  off-air 
periods  arc  treated  us  deterministic  (non- random)  events  in  the  system  availability  model  (Ref,  6),  In 
Chapter  6  of  Kef,  6,  an  ulgorithni  is  described  that  determines  the  annual  maintenance  schedule  that 
maximizes  the  overall  system  availability  subject  to  the  local  station  constraints  (climatic  conditions, 
etc.)  listed. 

3,3  .SYS  I  I;M  PAKAMKTKHS  and  SPKClI  ICAriONS 
3.3.1  .SIgmil  rrunsriiis.tilon  Formut  Asylgiiiiu'nt 

'Hie  Omega  sign.il  nansmission  pattern  (I'ig.  3,1-2}  has  a  tinu'/frccjncncy  multiplex  formal  in 
ss'liiLli  u  single  lieiinency  is  liiinsiiiitted  by  only  one  slution  at  any  given  segment,  l  our  ctmiinon 


frequencies  (10.2, 1 1 .05, 1 1 V3,  and  1 3.6  kHz)  are  transmitted  by  all  stations  and,  in  addition,  each  station 
transmits  a  unique  frequency  for  a  total  of  12  frequencies  transmitted  by  the  system.  Eaeh  station  trans¬ 
mits  eight  pulses  approximately  one  second  in  duration  within  a  time  frame  of  ten  seconds.  The  pulse 
durations  (or  widths)  in  the  pattern  vary  so  that  detection  of  two  signals,  each  with  its  associated  frequen¬ 
cy  and  pulse  width  uniquely  determines  the  transmitting  stations,  thereby  permitting  receiver  synchro¬ 
nization.  A  “guard"  (or  silent)  time  slot  of  200  milliseconds  (ms)  sepa-ates  each  transmitted  pulses. 

Figure  3.3-1  illustrates  the  signal  frequency/timc  format  in  a  slightly  different  way  than 
Fig.  3.1-2.  Note  that  each  station  transmits  10.2, 1 1 V3,  and  13.6  kHz  in  cyclical  order,  followed  by  five 
transmission  pulses.  The  first  two  and  last  two  of  these  five  pulses  are  at  the  station’s  unique  frequency, 
and  the  middle  pulse  is  at  11.05  kHz.  Both  figures  indicate  how  10.2,  llV3,and  13.6  kHz  signals  are  shifted 
with  respect  to  each  other  by  one  time  segment.  The  200  ms  guard  time  ensures  that  any  long  path  signal 
from  the  trailing  edge  of  the  pulse  generated  by  a  nearby  station  dies  away  before  the  station’s  short-path 
signal  from  the  leading  edge  of  the  next  pulse  begins.  Note  that  the  unique  frequencies  differ  by  a  minimum 
of  100  Hz  which  corresponds  to  the  front-end  bandwidth  of  conventional  Omega  receivers. 

3.3.2  Locations  of  lYansmittiiig  Stations  and  Station  Monitors 

The  eight  Omega  stations  are  located  on  the  sovereign  territory  of  seven  nations,  including  the 
United  States.  Figure  3.1-1  shows  the  general  locations  of  the  stations  on  a  world  map.  Note  that  the 
stations  arc  distributed  fairly  uniformly  over  the  globe. 

Table  3.1-1  lists  the  station  locations  and  coordinates  that  are  given  with  respect  to  the  WGS-84 
datum.  Antenna  type/dimensions  for  each  station  arc  also  listed  since  the  antenna  is  the  largest  physical 
structure  at  an  Omega  station.  Antenna  structures  arc  of  three  different  types: 

•  Valley-span  (Norway,  Hawaii) 

•  Insulated  tower  (North  Dakota,  Argentina,  .lapan) 

•  Grounded  tower  (Liberia,  La  Reunion,  Australia). 

The  types  of  antenn;  '  ‘ruclurcs  arc  li.slcd  in  order  of  their  technological  evolution  so  that  the  valley-span 
is  the  earliest  antenna  structure  and  grounded  towers  arc  the  mo.st  recent. 

The  monitor  sites  associated  with  each  transmitting  station  have  impoiiant  operational  functions 
as  noted  in  .Section  3,2,3.  The  monitor  site  is  equipped  with  a  Magnavox  MX  1 104-MS  Omega  monitor 
receiver  system  which  includes  an  anlennu,  pre -amplifier,  rccci vcr/proccssur,  recorder,  and  modem  (see 
Chapter  8  for  more  details  on  the  basic  receiver).  'I  II.;  monitor  data  is  trtmstnitted  via  a  data  link  to  the 
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Figure  3.3-1  Omega  System  Frequency A’ime  Format 


MXl  104-LS  unit  for  display  at  the  station  site.  One  of  the  most  important  functions  of  the  monitors  is 
collecting  phase  data  used  to  compute  station  synchronization  corrections  (see  Chapter  7).  This  phase 
data  is  also  monitored  (at  the  LS  unit)  to  detect  the  onset  of  a  PCD  event  for  which  navigational  warnings  are 
issued  (Section  3.2.3).  In  the  longer  term,  these  monitors  provide  phase  data  for  the  global  propagation 
correction  (PPC)  model  and  system  performance  evaluation  using  operational  data  analysis  (see  Chapter  8). 

Important  parameters  for  the  station  monitors  are  given  in  Table  3.3-1 .  The  table  lists  the  five¬ 
digit  monitor  code,  the  ID  number  used  in  the  data  processing,  and  the  calibration  channel  selected,  i.e., 
the  station  for  which  no  data  is  recorded.  The  last  three  columns  include  the  monitor  location  (closest 
municipality  and  country)  and  two  coordinates  based  on  the  WGS-84  spheroid. 

Figure  3.3-2  is  a  photograph  of  the  enclosure  for  the  station  monitor  facility  at  Utskarpen, 
Norway.  Also  shown  is  the  antenna  which  is  external  to  the  enclosure. 


Figure  3.3-2  Station  Monitor  Facility  Enclosure  (left)  and  Antenna  (right) 

3.3.3  Signal  Specification 

The  signals  generated  by  an  Omega  transmitting  station  must  be  controlled  in  three  principal 
domains;  irequency,  time,  and  signal  quality.  The  signal  transmission  format  depicted  in  Section  3.3,1 
.sjjceifies  ihe  basic  fiequency/iime  struclure  fur  the  signals  radiated  by  each  station  and  embodies  the  first 
signal  specification: 
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Specification  1:  The  signals  generated  by  each  station  shall  be  transmitted 
according  to  the  time/frequency  format  given  in  Figure  3.3-1. 

This  specification  governs  the  coarse-scale  structure  of  the  signal,  i.e.,  the  required  timing  intervals  are  speci¬ 
fied  only  to  about  100  milliseconds.  The  second  specification  refers  to  the  behavior  of  tlie  signal  at  the  micro¬ 
second  level  and  requires  the  introduction  of  additional  concepts  before  it  can  be  adequately  described. 

At  each  station,  the  signal  is  synthesized  from  the  1  MHz  output  of  a  cesium  standard  that  has  an 
intrinsic  stability  of  ?  oout  one  part  in  10^^.  This  means  that,  in  terms  of  time,  an  initially  correct  cesium 
standard  will  be  off  by  about  2.5  psec  in  a  period  of  one  month.  In  terms  of  frequency,  the  cesium  devi¬ 
ates  by  only  about  0.01  Hz  (with  respect  to  the  cesium  standard  frequency)  in  a  month. 

These  ideas  can  be  understood  by  noting  that  the  signals  generated  by  the  station  may  be 
expressed  as 


E  =  A  sin(£or  +  (pi) 
<p  =  at 


Table  3.3-1  Station  Monitor  Locations  and  Other  Data 


CODE 

DESIGNATION 

10 

NUMBER 

CALIBRATION 

CHANNEL 

MONITOR  STATION 
LOCATION 

POSITION* 

LATITUDE 

LONGITUDE 

NORWY 

53 

G 

Utskarpen, 

Norway^ 

66.2897°N 

13.5502OE 

LIBER 

45 

C 

Monrovia 

Liberia" 

6.31 430N 

10,3172OW 

HAWAI 

29 

F 

Waliiawa, 

Hawaii 

21.5209°N 

157.99S40W 

N$DAK 

HI 

E 

Dickey, 

North  Dakota 

46.5596°N 

98.63B6°W 

REUNI 

38 

D 

Riviere  des  Pluies, 

La  Reunion  Island 

2O.9086°S 

55.51 270E 

ARGE2 

18 

A 

El  Tehuelche,* 
Aryentina 

42.75330s 

65.10080W 

AUST$ 

22 

A 

Carrajung,  Victoria, 
Australia 

38.39550s 

146.6600OE 

JAPAN 

33 

F 

Ozdki,  Tsushima 
Island,  Japan 

34.3247°N 

129.2064OE 

*  Coordinates  based  on  wub-a4  spheroid. 

Established  June  1991. 

*  Established  Soplomber  1988. 

“  Established  at  the  American  Embassy  24  February  1992. 
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where  A  is  the  amplitude,  o)  is  the  radian  frequency,  and  (p  is  the  phase.  If  0  =  0  represents  the  condition 
of  perfect  synchronization  by  the  station,  then  at  the  end  of  one  month,  (j>  will  be  about  2.5  centicycles 
(cec).  Deviations  of  the  phase,  0,  associated  with  the  cesium  standard  output  are  usually  assumed  to 
grow  linearly  in  time,  i.e., 

where  a  is  sometimes  called  the  “drift”  rate.  Combining  these  two  expressions  gives 

E  =  A  sin(ft)r  +  at)  =  A  sin((<u  +  a)t) 

Thus,  a  may  also  be  considered  a  frequency  bias,  or,  more  commonly,  an  “offset.”  At  10.2  kHz,  the 
typical  offset  for  a  cesium  standard  is  therefore  10“^^  cec/'isec,  or  10"*  Hz. 

Each  station  has  three  cesium  standards  in  operation  at  all  times.  One  of  these  is  designated  the 
on-line  unit  and  the  other  two  serve  as  backup  units.  Each  cesium  standard  has  a  slightly  different  offset, 
or  drift  rate,  so  that  over  time,  the  phases  of  the  three  standards  eventually  diverge  from  each  other.  Sev¬ 
eral  procedures  are  followed  to  reduce  this  divergence; 

•  Once  each  day,  the  phases  of  the  back-up  cesium  standard  outputs  are  aligned  with 
the  on-line  cesium  standard  output;  with  the  older  timing  and  control  equipment 
this  procedure  was  known  as  “scoping” 

•  Frequency  correction  values  for  each  cesium  standard  output,  computed  by  the 
weekly  synchronization  program  and  known  as  “ACCUM”  values,  are  inserted 
every  four  hours  to  minimize  the  computed  offsets 

•  Cesium  standards  with  large  computed  offsets  (>0.3  psec/day)  undergo  C-field 
adjustments,  an  off-line  procedure  which  can  sometimes  be  used  to  bring  a  standard 
back  into  specification. 

The  first  procedure  ensures  that  the  off-line  cesium  standard  output  phases  never  diverge  too  far  from  the 
on-line  standard  output  phase  so  that  they  can  be  immediately  substituted,  if  the  need  arises.  For  exam¬ 
ple,  if  the  maximum  difference  in  the  on-line/off-line  standard  offsets  is  5x10"’^  cec/psec,  then  the  max¬ 
imum  phase  variation  between  the  on-line  and  off-line  units  over  one  day  is  about  0.05  cec  (10.2  kHz). 
The  second  procedure  actively  seeks  convergence  of  on-line  and  off-line  phase  outputs  to  a  system  aver¬ 
age  (see  Chapter  7).  Typical  ACCUM  values  are  0.01  to  0.05  psec  so  that  daily  corrections  of  0.06  to 
0.30  psec  result  from  this  procedure. 

Omega  epoch  is  defined  as  the  regular  occuirence  of  certain  system  “events”  and  is  always 
implicitly  characterized  with  respect  to  “true”  time.  For  the  purpo.ses  of  Omega  signal  timing,  true  time 
IS  considered  to  be  Coordinated  Universal  Time  (UTC,  often  written  as  just  UT),  which  is  essentially 
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given  by  the  output  of  the  U.S.  Naval  Observatory  Master  Clock  (USNO  MC).  At  a  station,  Omega 
epoch  refers  to  the  coincidence  of  the  zero  phase  point  of  all  radiated  signals  at  30-second  intervals.  The 
zero  phase  point  is  the  point  at  which  the  instantaneous  vertical  electric  field  of  the  transmitted  signal  is 
zero  (going  from  negative  to  positive  values)  at  the  center  of  the  antenna  system. 

To  fix  Omega  epoch  with  respect  to  UTC  (USNO  MC),  an  initial  Omega  epoch  is  taken  to  be 
0000  UT  on  0 1  January  1972,  when  Omega  time  was  coincident  with  UTC.  Since  that  time,  on  the  scale 
of  seconds.  Omega  epoch  has  become  earlier  with  respect  to  UTC  so  that  the  epoch  of 0000  UT,  0 1  Janu¬ 
ary  1994  lags  Omega  epoch  by  18  seconds  due  to  the  insertion  of  leap  seconds*  into  the  UTC  time  scale 
during  some  of  the  intervening  years.  This  gradual  divergence  of  Omega  system  time  and  UTC  is  illus¬ 
trated  in  Figure  3.3-3.  On  the  scale  of  microseconds,  however,  Omega  epoch  is  quite  close  to  UTC. 

Through  reciprocal  path  measurements  and  indirectly  through  the  use  of  external  system  data, 
the  Omega  synchronization  procedure  attempts  to  align  all  the  station  epochs  (which  differ  slightly  with 
respect  to  UTC),  This  synchronization  is  necessary  because  all  navigation  algorithms  assume  the  sta¬ 
tions’  signals  are  radiated  with  precisely  the  same  time/phase  relationship.  Omega  system  time  is  the 


UTC  -  Omega  System  Time 


Year  (.O  -  JUN  ;  .5  -  DEC) 

Figure  3.3-3  Divergence  of  Omega  System  Time  and  UTC  Due 
to  the  Injection  of  UTC  Leap  Seconds 


*  Leap  seconds  are  introduced  at  roughly  18-month  intervals  to  account  for  the  non-unifonnity  of 
the  earth’s  rotation  about  its  a.\i.s  as  measured  with  respect  to  atomic-referenced  time  (Ref,  9). 
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average  of  all  the  station  epochs,  measured  with  respect  to  true  time.  System-internal  synchronization  is 
achieved  if  all  station  epochs  coincide  with  Omega  system  time.  This  leads  to  the  following  specification: 

Specification  2:  The  epoch  of  each  station  shall  not  differ  from  Omega 
system  time  by  a  magnitude  of  more  than  2.0  [isec,  95%  of  the  time. 

Ideally,  the  synchronization  procedure  is  also  designed  to  align  Omega  system  time  with  UTC 
(USNO  MC)  at  the  microsecond  level.  Thus,  if  completely  synchronized  on  an  external  basis.  Omega 
standard  time  would  lead  UTC  by  18.000000  seconds  (as  of  01  January  1994).  This  is  achieved  through 
the  use  of  external  system  data  (e.g.,  Loran-C  and  GPS)  measured  with  respect  to  the  cesium  reference  at 
each  station.  The  alignment  of  Or:ega  system  time  with  UTC  supports  the  increasing  use  of  integrated 
or  interoperable  receiving  systems  which  rely  on  a  UTC  time  base  (see  Chapter  12).  Thus,  the  need  for 
external  synchronization  results  in  the  following  specification: 

Specification  3:  Omega  system  time  shall  not  differ  from  the  UTC  epoch 
(at  the  microsecond  level)  by  a  magnitude  of  more  than  1.0  psec,  95%  of  the  time. 

Current  usage  indicates  that,  under  normal  operation.  Omega  system  time  is  within  0.5  psec  of  UTC 
(Ref.  3). 

When  it  reaches  the  antenna,  the  source  signal,  which  has  been  digitally  processed  and  amplified, 
becomes  less  precisely  defined  (in  frequency  and  time).  Since  the  antenna  is  electrically  short 
(compared  to  a  half-wave  dipole)  and  the  grounding  system  has  finite  conductivity,  the  signal  is  radiated 
into  the  far  field  with  only  about  1 0  percent  efficiency.  At  the  beginning  of  a  pulse  segment,  the  signal  is 
energized  over  a  period  of  5  to  40  milliseconds,  which  requires  an  average  radiated  signal  bandwidth  of 
about  30  Hz  (see  Section  3.5).  The  antenna  tuning  system  implements  a  feedback  control  procedure 
which  controls  the  zero  phase  point  at  the  antenna  by  shifting  the  excitation  drive  to  the  transmitter  (see 
Section  3,4.3).  This  control  is  governed  by  the  following  specification  on  the  radiated  signal: 

Specification  4:  The  radiated  phase  of  each  Omega  signal  shall  be  controlled  so  that 
the  phase  error,  when  averaged  over  one  minute,  is  less  than  one  degree. 

In  this  specification,  the  phase  error  refers  to  the  feedback  control  loop  error.  The  one-minute  phase 
error  averaging  is  included  in  the  specification  in  recognition  of  the  fact  that  most  receivers  have  time 
constants  of  greater  than  1  to  2  minutes,  so  that  phase  excursions  (with  zero  mean)  within  a  one-minute 
period  have  no  navigational  effect. 
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3.4  MAJOR  SUBSYSTEMS 

As  the  source  of  the  signals  detected  and  utilized  by  all  Omega  receiver  systems,  the  eight  Omeg. 
transmitting  stations  represent  the  core  of  the  Omega  system.  As  noted  earlier,  the  electronics  and 
mechanical  equipment  used  at  each  station  are  virtually  the  same;  the  stations  are  primarily  differen¬ 
tiated  by  their  antennas  and  locations. 

The  equipment  at  each  station  is  generally  described  as  belonging  to  one  of  four  functional 
groups  or  subsystems: 

•  Timing  and  control 

•  Transmitter 

•  Antenna  tuning 

•  Antenna  stmcture. 

A  functional  diagram  of  these  subsystems  and  some  of  their  important  interrelationships  is  shown  in 
Figure  3.4-1 .  The  primary  functions  of  these  subsystems  are  briefly  described  in  Sections  3.4. 1  through 
3.4.4.  More  detailed  information  can  be  found  in  Reference  8. 

3.4.1  Timing  and  Control  Subsystem 

The  principal  functions  of  the  Timing  and  Control  subsystem  are  signal  generation  and  phase 
control  as  portrayed  in  Figure  3.4-2a.  A  photograph  of  the  rack-mounted  Timing  and  Control  subsystem 
equipment  is  shown  in  Figure  3.4-2b.  The  signal  source  is  a  precision  cesium  beam  frequency  standard 
of  9.193  GHz  with  a  stability  of  1  to  5  parts  in  10^^.  Three  cesium  standards  are  used  for  frequency  drift 
comparison  and  control,  and  are  maintained  as  reserves  in  the  event  of  failure  of  the  on-line  standard. 
The  on-line  cesium  standard  controls  the  frequency  of  a  5  MHz  crystal  oscillator  whose  output  signal  is 
frequency-divided  to  form  a  1  MHz  signal,  The  1  MHz  output  is  used  to  synthesize  the  reference  carrier 
signals  and  generate  keying  pulses  which  define  the  time/frequency  format.  The  carrier  signals  include 

Long  Keying  Pulses  o-wsos 


Antenna  Current  Reference  Signal 

Figure  3.4-1  Major  Functional  Subsystems  for  Transmitting  Station 
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the  four  common  frequencies  at  10.2,  13.6,  ll*/3,  and  11.05  kHz  in  addition  to  the  station-unique  fre¬ 
quency.  Phase  control  is  maintained  by  comparing  the  phase  of  the  reference  carrier  signal  to  the  phase 
of  the  signal  fed  back  from  the  antenna  tuning  subsystem.  The  signal  phase  is  advanced  or  retarded  to 
ensure  that  its  phasing  at  the  antenna  coincides  with  the  appropriate  UTC  epoch.  The  carrier  signals 
output  from  the  phase  control  circuitry  are  gated  into  the  transmitter  subsystem  in  the  proper  sequence/ 
time  interval  by  standard-length  keying  pulses  developed  during  the  format  generation  process.  Also 
produced  by  the  format  generation  are  long  keying  pulses  that  precede  and  follow  the  standard  keying 
pulses  by  100  ms.  These  pulses  are  relayed  to  the  Antenna  Tuning  subsystem  to  allow  sufficient  time  for 
mechanical  switching  prior  to  the  transmission  of  the  keyed  carrier  frequency  signal  at  that  stage. 

In  terms  of  replacement  precedence  for  the  on-line  cesium  standard,  one  of  the  reserve  standards 
(and  its  1  MHz  output)  is  denoted  as  the  primary  back-up  and  the  other  as  the  secondary  back-up.  As 
noted  in  Section  3.3.3,  the  1  MHz  outputs  of  the  back-up  standards  are  aligned  with  the  on-line  standard 
1  MHz  output  once  each  day.  These  so-called  “scoping”  times  are  listed  in  Table  3.4-1.* 


Table  3.4-1  Daily  ACCUM  Insertion  and  Scoping  Times 

UT  HOUR* 


For  each  entry,  the  number  refers  to  a  measurement  1 6  (46)  minutes  after  the  hour  at  the  top  of  the  column.  ACCUM  insertion 
times  occur  at  all  indicated  times;  scoping  times  are  designed  by  a  shaded  entry. 


3.4.2  Transmitter  Subsystem 

The  Transmitter  subsystem  consists  of  those  devices  that  amplify  the  signal  generated  in  the 
Timing  and  Control  subsystem  (Figure  3.4-3).  Figure  3.4-3b  is  a  photograph  of  the  bank  of  transmitter 
subsystem  equipment.  As  shown  schematically  in  Figure  3.4-3a,  the  carrier  frequency  signal  from  the 
Timing  and  Control  subsystem  is  first  raised  to  a  level  of  160  V  RMS  by  the  input  amplifier.  The  driver 

*New  Timing  and  Control  Subsystem  equipment  being  installed  (May  1994)  at  the  stations  includes 
the  Omega  Signal  Generator  (OMSGEN)  and  the  Omega  Signal  Controller  (OMSCON).  Instead  of 
using  the  oscilloscope  method,  alignment  of  the  back-up  clock  units  to  the  on-line  units  is  now  made 
by  inserting  the  difference  in  the  OMSGENS  into  the  OMSCON,  All  information  regarding  these  dif¬ 
ferences  is  transmitted  to  the  other  subsystem  units  via  a  communication  ring. 
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From  Timing 
and  Control 
Subsystem 


0-30310 

6-6-94 


To  Antenna 
Tuning  Subsystem 


a)  Principal  Components  of  lyansmitter  Subsystem 


b)  Transmitter  Subsystem  Equipment  Showing  Both  Active  and  Spare  Units 
Figure  3.4-3  Transmitter  Subsystem 
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amplifier  further  raises  the  signal  level  to  a  nominal  520  volts  RMS  and  the  final  amplification  is  per¬ 
formed  by  the  power  amplifier  which  boosts  the  signal  voltage  and  current  to  a  peak  power  of  1 50  kW. 
Following  this  final  amplification  stage,  the  signal  is  fed  to  the  Antenna  Tuning  subsystem. 


For  purposes  of  redundancy,  two  transmitters  are  located  at  each  station,  The  non-operational 
transmitter  is  always  in  standby  mode  and  can  be  rapidly  switched  on-line  if  needed.  The  standby  trans¬ 
mitter  can  be  energized  for  testing  by  directing  its  output  to  a  “dummy  load.”  Transmission  into  the 
dummy  load  is  also  sometimes  used  for  maintenance  purposes.  To  prevent  arcing,  the  transmission  line 
connecting  the  output  of  the  transmitter  to  the  antenna  tuning  subsystem  is  sealed  and  dehydrated 
(N2  gas  is  used  if  the  dehydrator  fails).  The  transmitter  uses  480  V  three-phase  electric  power, 

3.4.3  Antenna  Dining  Subsystem 

Figure  3.4-4  illustrates  the  functional  stages  of  the  Antenna  Tuning  subsystem.  This  subsystem 
is  designed  to  tune  the  antenna  at  the  carrier  signal  frequency  by  inductively  matching  the  antenna  to  the 
input  circuit.  This  ensures  the  maximum  effective  radiated  power  at  the  antenna  for  a  given  input  signal 
power.  The  output  signal  from  the  Transmitter  subsystem  is  taken  from  the  secondary  coil  of  the  antenna 
matching  transformer.  The  grounded  side  of  the  secondary  is  connected  through  a  current  transformer  to 


From  Timing  c-iniii 

and  Control 

Subsystem 


Figure  3.4-4  Functional  Diagram  of  Antenna  Tuning  Subsystem 
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provide  the  antenna  current  reference  signal  used  for  phase  control  in  the  Timing  and  Control  subsystem. 
The  output  of  the  current  transformer  is  also  passed  to  the  antenna  tuning  control  module.  Based  on  the 
long  keying  pulses  from  the  Timing  and  Control  subsystem  and  the  current  samples  received  from  the 
current  transformer,  the  antenna  tuning  control  first  implements  fine  inductive  tuning  through  the 
variometers. 

The  input  to  the  antenna  tuning  control  comes  from  the  ground  side  of  the  secondary  coil  that  is 
directly  connected  to  the  ground  “mat,”  a  collection  of  buried  cables  extending  over  a  large  area  under¬ 
neath  the  antenna  (Ref.  3).  Since  the  ground  current  varies  as  the  effective  antenna  inductance  changes 
(e.g.,  due  to  the  effect  of  winds,  temperature,  or  humidity  on  the  antenna  structure),  this  sign  .  acts  as  an 
external  feedback  in  controlling  the  variometers. 

The  five  variometers  (plus  one  spare)  are  essentially  adjustable  induction  coils,  each  of  which  is 
assigned  to  one  of  the  keyed  carrier  frequency  signals  (see  Fig.  3.4-4  and  Fig.  3.4-5a).  The  antenna  tun¬ 
ing  control  signal  activates  a  mechanical  drive  that  moves  the  variometer  coil  to  the  appropriate  position 
for  matching  inductance,  The  long  keying  pulses  activate  antenna  relays  (through  a  power  supply), 
which  connect  the  appropriate  variometer  into  the  main  antenna  circuit.  At  the  onset  of  the  long  keying 
pulses  for  the  unique  frequencies,  all  variometers  (i.e.,  for  all  frequencies)  are  “gang-tuned”  to  minimize 
the  drive  motion  required  to  tune  each  variometer.  Each  variometer,  in  turn,  is  fine-tuned  during  the 
period  it  is  being  used  for  transmission. 

The  RF  signal  is  then  transferred  to  the  “helix,”  a  large  helical  coil  which  acts  as  a  coarse  tuning 
device  for  the  antenna.  The  helix  is  equipped  with  separate  taps  for  each  signal  frequency  transmitted. 
Since  the  lower  frequencies  require  greater  inductance  (for  impedance  matching),  the  10.2  kHz  tap  is  at 
the  bottom  of  the  helix  (see  the  photograph  of  the  10.2  kHz  tap  and  the  lower  part  of  the  helix  in 
Fig.  3.4-5b),  so  that  the  signal  inductance  is  generated  for  the  entire  helix;  the  higher  frequency  taps  are 
therefore  at  higher  positions.  Finally,  the  RF  signal  is  conducted  to  the  antenna  structure  itself  from 
which  the  signal  is  radiated. 

3.4.4  Antenna  Structure 

As  mentioned  in  Section  3,3.2,  the  structural  feature  that  most  differentiates  Omega  stations  is 
the  antenna  structure.  Two  basic  designs  are  utilized:  tower  and  valley  span.  The  tower  antennas  are 
further  categorized  in  terms  of  grounded  and  insulated  types.  The  three  basic  antenna  design/types  are 
illustrated  in  Fig.  3.4-6, 

The  valley-span  antenna  is  a  suspended  cable  system  that  advantageously  uses  the  topography  of 
a  natural  formation,  such  as  a  deep  valley,  fjord,  or  volcanic  crater.  One  or  more  antenna  cables  strung 
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a)  \>  riometer  Used  for  Fine  Inductive  Idning 


b)  Lower  Part  of  Helix  Showing  Fixed  Frequency  Tap  Providing  Coarse  Inductive  IXining 
Figure  3.4-5  Fine  and  Coarse  Signal  Tuning  Equipment 


G-:72:2 

U-lJ-91 


Figure  3.4-6  The  Three  Primary  Types  of  Omega  Antennas 

across  the  open  part  of  the  formation  are  anchored  on  the  surrounding  ridges.  The  spans  are  connected  by 
jumper  wires  and  fed  down  through  a  downlead  cage  to  the  building  housing  the  helix.  A  counter- 
weighted  pulloff  cable  system  permits  extension  of  the  downlead  under  high  wind  conditions.  A  ground 
system,  composed  of  buried  conducting  cables,  extends  outward  from  underneath  the  helix  building. 
The  density  and  length  of  the  ground  wires  depend  on  the  soil  conductivity  of  the  site.  Figure  3.4-7 
shows  a  mock-up  of  the  Norway  station’s  valley  span  antenna  system.  The  two  downleads  are  at  the 
lower  left  in  the  figure  and  are  pulled  off  to  the  left  by  the  counterweight  system.  The  two  main  spans  are 
attached  by  anchors  on  both  sides  of  the  Qord. 
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Figure  3.4-7  Mock-up  of  Valley  Span  Antenna  System  at  the 
Norway  Transmitting  Station 

A  tower,  or  top-loaded  monopole ,  is  a  vertically  mounted  structure  supported  by  a  number  of  guy 
wires.  An  insulated  tower  is  isolated  from  the  ground  at  the  tower  base  by  a  large  base  insulator.  Top¬ 
loading  (i.e,,  creating  additional  capacitance  between  the  top  of  the  antenna  and  the  ground)  of  the  anten¬ 
na  is  achieved  by  using  cables  electrically  connected  to  the  top  of  the  tower.  These  cables  (known  as 
top-loading  radials)  are  mechanically  connected  through  insulators  to  secondary'  guy  wires  that  provide 
support  from  the  ground.  Power  is  generally  fed  to  the  tower  at  a  point  directly  above  the  base  insulator, 
The  antenna  current  flows  up  the  structure  and  into  the  top-loading  radials.  A  photograph  of  an  insulated 
tower  (at  the  Japan  station)  is  shown  in  Fig.  3.4-8.  The  tower  is  so  tall  that  some  supporting  guys  are 
anchored  on  separate  islands  surrounding  the  main  mast. 

A  grounded  tower  has  a  similar  configuration  except  that  it  has  no  base  insulator  so  that  the  tower 
structure  itself  is  grounded.  Top-loading  radials  are  insulated  at  each  end,  joined  together  at  the  top.  and 
are  fed  with  a  downlead  extending  from  one  of  the  radials  to  the  helix.  To  achieve  the  same  performance 
as  the  insulated  tower  antenna,  the  grounded  tower  antenna  must  be  about  15  percent  taller.  Figure  3.4-9 
is  a  photograph  of  a  grounded  tower  antenna  system  at  the  La  Reunion  transmitting  station. 
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Figure  3.4-8  Insulated  Tower  Antenna  SystetB  at  the  Japan  Transmitting  Station 


3.5  RADIATED  SIGxNAL  DATA 

The  signal  structure  in  the  vicinity  of  the  station  antenna  is  quite  different  chan  that  for  most 
receivers  which  sense  the  radiated  field  of  the  iransnutted  signal.  The  complexity  of  the  signal  near  the 
station/antenna  arises  both  from  the  signal  itself,  which  contains  many  modes  of  approximately  equal 
strength  (see  Chapter  5),  as  well  as  the  local  elements  of  the  antenna  structure,  grounding  system,  and 

leuaia  conduc’d viiy, 

3.5.1  Components  of  the  Near-field  Signal 

To  understand  the  signal  behavior  in  the  proximity  of  the  station  antenna,  it  is  nelpfui  to  consider  a 
simple  model  of  the  signal  generation  process  isee  References  4  and  5).  Consider  a  vertical  monupole 
antenna  mquivaient  to  ’‘naif  of  a  center-fed  dipole  antenna)  in  \vhicn  charge  oscillates  between  the  ground 
and  the  lop  of  the  antenna.  The  fact  that  Omega  antennas  are  short  compared  to  the  signal  wavelength  leads 
to  a  relatively  simple  e.xptession  for  me  fields  outside  the  immediate  vicinity  of  the  antenna,  i.e.. 

IT  _  r  ( _ ']  ■ 

(V  -  \  r  ■  ^.2  ~.2j-  '■ 
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Figure  3.4*9  Grounded  Tower  Antenna  System  at  the  La  Reunion  Transmitting  Station 

where  I  is  the  magnitude  of  the  antenna  current,  he  is  the  effective  antenna  height,  co  is  the  radian  frequency, 
k  is  the  wave  number  (Ik/X,  where  X  =  signal  wavelength),  t  is  the  time,  r  is  the  distance  of  the  receiver 
from  the  antenna  on  the  (assumed  flat)  earth,  and  z  is  the  unit  vector  pointing  vertically  upward.  From 
this  expression,  the  total  signal  field  may  be  considered  to  be  the  sum  of  three  component  fields  which 
are  given  as  follows  (in  the  same  order  as  the  terms  in  the  parentheses  in  Eq.  3.5-1): 

(1)  Radiation  field  —  varies  as  1/r 

(2)  Induction  field  —  varies  as  1/r^ 

(3)  Electrostatic  field  —  varies  as  1/r^ 

The  appearance  of  the  i  in  the  induction  field  term  in  Eq.  3.5- 1  means  that  the  phase  of  this  field  is  shifted 
by  7t/2  radians  or  90°  (since  i  =  with  respect  to  the  other  fields. 

The  electrostatic  field  is  the  strongest  component  at  distances  from  the  antenna  up  to  about  l/k, 
e.g.,  about  5  km  at  10.2  kHz.  For  longer  ranges,  the  radiation  and  inductive  fields  dominate  the 


clcciro-static  field.  At  ranges  greater  than  about  50  km,  the  radiation  field  is  the  only  remaining  signifi¬ 
cant  component  of  the  total  signal  field.  The  radiation  field  is,  of  course,  the  signal  component  required 
for  navigation  and  all  other  uses  of  the  Omega  signal. 

At  the  station  monitors,  which  are  located  at  ranges  between  1 7  and  40  km  from  the  transmitting 
antenna,  the  radiation  field  is  dominant  but  the  induction  field  introduces  a  perturbation  which  cannot  be 
ignored  for  certain  applications.  Use  of  Eq.  3.5-1  and  a  simple  phasor  model  show  that  the  variation  of 
the  total  signal  field  phase  from  the  radiated  signal  field  phase,  d<p  (due  to  the  small  but  finite  induction 
and  electrostatic  fields),  is  given  by 


(3.5-2) 


where  k  and  r  a  •  defined  in  connection  with  Eq.  3.5-1.  Figure  3.5-1  shows  several  aspects  of  Omega 
.signal  phase  behavior  in  the  near  field.  The  upper  left  panel  shows  the  total  signal  phase  delay  as  a  func- 
titM)  ofdivtancc  from  the  transmitting  station  for  10.2, 1  iVs,  and  13.6  kHz.  The  total  signal  phase  delay  is 
composed  of  the  nominal  phase,  kr  (appearing  in  Eq.  3.5- 1 ),  and  the  variation  given  by  Eq.  3.5-2.  In 
the  near  field,  the  wave  number,  /c,  is  often  assumed  to  have  its  free-space  value,  i.e.,  and  the 

resulting  phase,  k(,r,  is  called  the  free-space  phase.  The  remaining  three  panels  show  the  variation  of  the 
total  phase  from  the  free-space  phase  for  10.2, 1 1 and  13.6  kHz.  In  each  panel,  the  predicted  value, 
'\.c.,d(p  ^  ik~k(j)r,  is  shown  as  a  solid  curve,  while  the  measured  values  are  indicated  by  small  circles. 
Although  somewhat  lower  than  the  predictions,  most  of  the  measurements,  which  arc  from  the  North 
Dakota  transmitting  station  (Ref,  3),  generally  corroborate  the  theory. 

3.5.2  Ncar-field  and  Antenna  Parameters 

The  ef  fective  antenna  height,  /i<,,  appearing  in  Eq.  3,5- 1 ,  is  determined  by  measuring  the  vertical 
comt)oiicnl  of  the  electric  field  amplitude,  lEI,  at  several  ranges  from  the  transmitting  antenna  where  the 
radiated  field  is  effectively  the  sole  contributor  to  the  total  field.  For  these  cases,  the  magnitude  of 
liq,  3.5-1  may  be  written 

F  = 

(or 

1' xpressed  in  dll.  I’,  is  linearly  related  to  log  r,  so  that  several  measurements  can  be  fit  to  a  straight  line 
whose  slujie  eaii  he  used  to  determine  h^. 
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Figure  3.5-1  Signal  Phase  Behavior  in  the  Near  Field 


With  knowledge  of  the  effective  height,  a  quantity  known  as  the  radiation  resistance  can  be  cal¬ 
culated.  Conceptually,  the  radiation  resistance  is  the  effective  resistance  associated  with  the  antenna 
current  that  yields  the  effective  radiated  power.  This  resistance  thus  does  not  include  those  resistive  ele¬ 
ments  that  carry  the  input  energy  away  as  heat  losses  or  other  field  components.  From  Reference  4,  the 
radiation  resistance  (in  ohms)  for  electrically  short  antennas  is  given  as 


Rr 


he  <  O.U 


(3.5-3) 


where  is  the  effective  radiated  power  (in  watts).  Note  that  this  expression  is  valid  fur  the  Omega 
station  antennas  where,  typically,  he  0.0 IX. 
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• 

Table  3.5- 1  lists  some  of  the  important  parameters  associated  with  the  station  antennas.  Note  that 
the  effective  height  is  substantially  shorter  than  the  physical  height  listed  in  Table  3.1-1.  The  effective 
height  generally  increases  slowly  with  frequency,  and  from  Eq.  3.5-3,  the  radiation  resistance  increases 
more  rapidly  with  frequency.  In  general,  a  larger  effective  antenna  height  means  the  antenna  radiates 
more  efficiently,  and  a  greater  effective  radiated  power  is  normally  obtained. 


liable  3.5-1  Measured  and  Derived  Station  Antenna  Parameters 


STATION 

FREQUENCY 

(kHz) 

Norway 

10.2 

11.05 

IIV3 

12.10 

13.6 

Liberia 

10.2 

11.05 

IIV3 

12.00 

13.6 

Hawaii 

10.2 

11.05 

IIV3 

11.80 

13.6 

North 

Dakota 

10.2 

11.05 

IIV3 

13.10 

13.6 

La  Reunion 

10.2 

11.05 

IIV3 

12.30 

13.6 

Argentina 

10.2 

11.05 

IIV3 

12.90 

13.6 

Australia 

10.2 

11.05 

IIV3 

1 3,00 

13.6 

Japan 

10.2 

11.05 

IIV3 

12.80 

13.6 

EFFECTIVE 
HEIGHT  (m) 

RADIATION 

RESISTANCE 

(ohms) 

ANT.  SYST. 
RESISTANCE 
(ohms) 

ANTENNA 

CAPACITANCE 

{|»F) 

BASE 

REACTANCE 

(ohms) 

229 

0.0957 

1.230 

0.0371 

421 

231 

0.1143 

1.302 

0.0374 

385 

233 

0.1223 

1.320 

368 

234 

0.1330 

1.396 

338 

84 

84 

84 

85 
85 


0.0619 

0.0728 

0.0765 

0.1034 

0.1114 


556 

510 

496 

424 

406 
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The  antenna  system  resistance  is  a  measured  quantity  that  incluacs  the  real  part  of  the  impedance  in 
the  antenna  tuning  system  and  includes  the  ground  resistance.  The  measured  capacitance  of  the  antenna  is 
associated  primarily  with  the  potential  difference  between  the  ground  and  the  “top-hat”  elements  across  the 
insulators.  The  capacitance,  C,  generally  increases  with  frequency  since  the  effective  antenna  area 
increases  with  decreasing  wavelength.  The  base  reactance  (capacitive)  is  computed  as  l/(o)C). 

3.5.3  Station  Antenna  Parameters 

Table  3.5-2  lists  the  nominal  and  limiting  antenna  currents  for  each  transmitted  signal  frequency 
at  each  station.  The  third  column  gives  the  antenna  current  (in  Amperes)  necessary  to  achieve  the  nomi¬ 
nal  10  kW  radiated  power,  i.e., 

/lOkW 

V 

where  is  the  radiation  resistance  in  ohms  (see  Table  3.5-1).  This  nominal  antenna  current  is  the  target 
value  the  stations  attempt  to  maintain  during  normal  operation. 

As  the  antenna  current  is  increased,  two  electrical  characteristics  of  the  station  limit  its  value. 
The  first  limitation  is  the  transmitter  output  which  cannot  exceed  150  kW  (see  Section  3.4.2).  The 
second  restriction  is  on  the  base  voltage,  i.e.,  the  potential  difference  between  the  exit  bushing  feedline 
and  the  ground.  A  base  voltage  exceeding  250  kV  can  lead  to  corona  discharge  and  arc-over  at  the  exit 
bushing,  thus  leading  to  radiated  power  loss  and  component  damage.  The  fourth  column  of  Table  3.5-2 
shows  the  maximum  antenna  current  that  can  be  achieved  based  on  the  1 50  kW  transmitter  output  power 
limitation,  which  is  calculated  as 

0.975 

Y 

where  R^j  is  the  antenna  system  resistance  in  ohms  (see  Table  3.5-1).  The  factor  of  0.975  accounts  for  a 
portion  of  the  current  shunted  to  ground  through  capacitive  coupling  at  the  helix  bushing,  leading  from 
the  antenna  tuning  system  (with  resistance  R^s)  to  the  antenna  structure  (Ref.  3).  The  fifth  column  in 
Table  3.5-2  gives  the  maximum  antenna  current  that  can  be  obtained  without  exceeding  the  250  kV  ba.se 
voltage  limitation  and  is  calculated  as 

0.975 
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Table  3  .5*2  Limits  on  Output  Parameters  and  Antenna  Bandwidths 


STATION 

FREQUENCY 

(kHz) 

ANTENNA 

CURRENT 

(AMPERES) 

MAXIMUM 
RADIATED 
POWER  (kW) 

RISE 

TIME 

(msec) 

BANDWIDTH 

(Hz) 

NOMINAL 

(P^IOkW) 

OUTPUT 

POWER 

LIMITED 

BASE 

VOLTAGE 

LIMrrED 

Norway 

10.2 

324 

340 

578 

9.0 

35.4 

11.05 

296 

331 

633 

mSSSM 

7.5 

42,4 

IIV3 

286 

329 

662 

7.0 

45.5 

12.10 

275 

320 

721 

13.6 

230 

302 

849 

4.0 

79.6 

Liberia 

10.2 

417 

395 

605 

9.1* 

■EH 

24.5 

11.05 

375 

401 

674 

11.5* 

30.3 

IIV3 

364 

400 

696 

12.1* 

■eh 

31.8 

12.00 

344 

409 

743 

14.2* 

13.6 

304 

406 

919 

10.0* 

6.0 

53.1 

Hawaii 

10.2 

437 

446 

719 

10.5* 

12.0 

26.5 

11.05 

402 

436 

797 

11.9* 

10.0 

31.8 

IIV3 

394 

436 

820 

12.4* 

9.5 

33.5 

11.80 

381 

437 

864 

13.3* 

13.6 

326 

430 

1046 

17.5* 

6.0 

53.1 

North 

10.2 

402 

576 

438 

11.8** 

23.0 

13.8 

Dakota 

11.05 

372 

579 

478 

16.6** 

22.0 

14.4 

IIV3 

364 

577 

491 

18.4** 

19.0 

16.8 

13.10 

311 

561 

574 

32.5** 

13.6 

300 

558 

600 

34.6** 

12,5 

25.5 

La  Reunion 

10.2 

454 

MSM 

635 

■BH 

13,0 

24.5 

11.05 

419 

BS9 

708 

11,0 

29.0 

IIV3 

403 

734 

9.5 

33.5 

12.30 

366 

829 

16,3* 

13,6 

325 

979 

19.0* 

6.0 

53.1 

Argentina 

10,2 

384 

504 

433 

12,7** 

19.9 

16.0 

11.05 

348 

513 

472 

18,4** 

16,5 

19.3 

IIV3 

338 

501 

486 

20.6** 

16.0 

19.9 

12.90 

298 

484 

560 

26.2* 

13,6 

272 

505 

594 

32.1* 

10.5 

30.3 

Australia 

10.2 

386 

476 

619 

15.9* 

11.05 

367 

480 

688 

18.2* 

IT/3 

354 

480 

717 

19.4* 

N/A 

N/A 

13,00 

304 

466 

883 

23.7* 

13.6 

289 

465 

953 

27.7* 

Japan 

10.2 

353 

596 

16.4* 

12.0 

26.5 

11.05 

327 

KiH 

643 

18.3* 

10.0 

31.0 

IIV3 

319 

673 

19.3* 

9.5 

33.5 

12,80 

279 

779 

23,8* 

13,6 

264 

1  416 

838 

25.2* 

6,0 

53.1 

*  Limited  by  150  kW  output  power  **  Limited  by  250  kV  base  voltage 


where  X),  is  the  base  reactance  in  ohms  (see  Table  3.5-1).  The  factor  of  0,975  again  accounts  for  the  helix 
cxit  bushing  current  losses,  The  radiated  power  corresponding  to  the  maximum  allowed  antenna  current 
is  listed  in  sixth  column  in  Table  3,5-2.  Notice  that  the  maximum  allowed  antenna  current  is  actually  the 
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minimum  of  the  values  in  columns  four  and  five,  i.e.,  the  antenna  current  is  limited  by  the  most  restrictive 
of  the  two  criteria.  A  single  asterisk  attached  to  the  entry  indicates  that  the  maximum  radiated  power 
(/-/?,  ;  Rr  =  radiation  resistance)  is  computed  based  on  the  maximum  antenna  current  (7)  resulting  from 
the  output  power  limitation.  Two  asterisks  signify  the  base  voltage  limitation.  Note  that  all  but  two  sta¬ 
tions  have  maximum  output  power  (for  most  of  the  transmitted  frequencies)  which  is  limited  by  the  max¬ 
imum  station  transmitter  output.  Exceptions  are  North  Dakota  and  Argentina  which  have  (at  most  or  all 
of  the  frequencies)  high  base  reactances. 


The  last  two  columns  of  Table  3.5-2  provide  information  on  the  envelope  of  pulse  waveform 
transmitted  approximately  once  per  second.  Figure  3.5-2  shows  the  trace  of  the  envelope  of  the  pulse 
rise  and  decay  for  the  1 1 V3  kHz  .signal  from  the  North  Dakota  transmitting  station  as  captured  on  an 
oscilloscope.  The  pulse  rise  and  decay  time  profile  is  exponential  in  form  so  that  the  rise  time  is  defined 
as  the  time  required  for  the  pulse  envelope  to  reach  l-e~^  (i.e.,  about  63%)  of  its  maximum  value.  The 
antenna  bandwidth  associated  with  the  measured  rise  times  is  shown  in  the  last  column  of  Table  3.5-2. 
The  bandwidth  is  computed  by  assuming  the  process  has  an  exponential  envelope  with  rise  time  r;  in  this 
case  it  can  be  shown  that  the  3  dB  bandwidth  is  l/(jtT).  The  bandwidths  vary  from  13.8  Hz  for  North 
Dakota  (10.2  kHz)  to  79.6  Hz  for  Norway  (13.6  kHz).  Bandwidth  “resistors”  (connected  in  paral,lel) 
were  once  installed  (and  later  removed)  at  the  North  Dakota  and  Argentina  stations  (insulated  towers)  to 
effectively  widen  the  antenna  bandwidth  by  shortening  the  rise  time.  These  were  installed  in  response  to 
users  exploring  pulse  time-of-arrival  techniques  as  a  means  of  eliminating  lane  ambiguity. 
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Figure  3.5-2  Pulse  Rise  (a)  and  Decay  (b)  of  the  1 1 V3  kHz  Signal 
from  the  North  Dakota  Transmitting  Station 
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3.6  PROBLEMS 


3.6.1  Sample  Problem 

1 .  Equation  3.5-2  may  be  used  to  find  the  phase  error  (radiated  field  phase  -  total  signal  field 
phase)  accounting  for  both  the  inductive  field  and  the  electrostatic  field. 

a.  What  is  the  corresponding  expression  if  only  the  perturbation  due  to  the  inductive 
field  is  taken  into  account? 

b.  The  shortest  station  monitor  range  is  about  17  km  (Liberia).  What  is  the  error  in 
computing  d<f>  at  10.2  kHz  for  this  station  monitor  if  the  electrostatic  field  is 
ignored? 

Solution: 

a.  The  electrostatic  field  corresponds  to  the  last  term  in  Eq.  3.5-1.  If  this  term  is 
ignored,  the  phase  error  results  from  the  desired  (radiated)  signal  (which  varies  as 
k“/r)  in  quadrature  with  the  inductive  field  (which  varies  as  k/r^),  so  that 

tand0  =  =  l/kr 

Note  that  this  form  is  obtained  from  Eq.  3.5-2  in  the  limit  of  sufficiently  long  ranges 
sothatkr»  1. 

b.  For  a  10.2  kHz  signal  at  a  range  of  17  km,  the  free-space  phase  is 

*'■  =  2^Jn8  to  = 

where  we  assumed  the  phase  velocity  is  the  same  as  the  speed  of  light  in  a 
vacuum.  With  this  value,  Eq.  3.5-2  yields  for  a  phase  error: 

d<p  =  0.289  radian 

whereas  the  above  expression  (with  no  electrostatic  field)  gives 
d<p  =  0.269  radian 

The  difference  is  about  0.020  radian  or  0.3  cec  (also  about  0.3  psec). 

3.6.2  Problems  to  be  Solved  by  Reader 

1.  Which  stations/frequencies  have  maximum  radiated  power  levels  that  are  limited  by  the 
250  kV  maximum  base  voltage  requirement?  In  these  cases,  which  antenna  current  is  larg¬ 
er:  the  output  power-limited  current  or  the  base  voltage-limited  current  (see  Table  3.5-2)? 
Why  are  the  antenna  currents  for  these  limiting  cases  so  much  different  than  those  at  the 
other  stations? 
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2.  Assume  that  the  pulse  envelope  has  a  rise  time  profile  given  by 

S(t}  =  A  (\  - 

where  A  is  the  pulse  envelope  amplitude  after  the  antenna  has  been  fully  energized  and  x  is 
the  rise  time  defined  in  Section  3.5.3.  Based  on  the  data  in  Table  3.5-2,  what  is  the  time 
required  for  the  1 1  ^  kHz  signal  pulse  envelope  at  the  North  Dakota  station  to  attain  90%  of 
its  maximum  value  (A).  Compare  with  Fig.  3.5-2. 


3.7  ABBREVIATIONS/ACRONYMS 


A 

ACCUM 

ARGE2 

AUST$ 

B 

C 


cec 

D 

E 

F 

ft 

G 


GHz 

H 

HAWAI 

Hz 


ID 

lOTC 

JAPAN 

JMSA 

kHz 


Norway  transmitting  station 

Accumulative  correction  value  inserted  every  4  hours 

Argentina’s  station  monitor 

Australia’s  station  monitor 

Liberia  transmitting  station 

Hawaii  transmitting  station 

Centicycle 

North  Dakota  transmitting  station 

East  (referring  to  coordinates);  La  Reunion  (referring  to  transmitting  stations) 

Argentina  transmitting  station 

Foot 

Australia  transmitting  station 
Gigahertz  (10^  Hz) 

Japan  transmitting  station 
Hawaii’s  station  monitor 
Hertz 

Identification 

International  Omega  Technical  Commission 
Japan’s  station  monitor 
Japanese  Maiiliuic  Safely  Agency 
Kilohertz 
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km 

Kilometer 

kW 

Kilowatt 

kV 

Kilovolt 

LBER 

Liberia’s  station  monitor 

m 

Meter 

MHz 

Megahertz  (10^  Hz) 

ms 

millisecond  (also  abbreviated  msec) 

MX  1104-LS 

Omega  Monitor  System  (local  site) 

MX  1104-MS 

Omega  Monitor  System  (monitor  site) 

N 

North 

N2 

Molecular  Nitrogen 

NSDAK 

North  Dakota’s  station  monitor 

NORWV 

Norway’s  station  monitor 

ONSCEN 

Omega  Navigation  System  Center 

PACE 

Performance  Assessment  and  Coverage  Evaluation  (workstation) 

PCD 

Polar  Cap  Disturbance  event 

REUNI 

La  Reunion’s  station  monitor 

RF 

Radio  frequency 

RMS 

Root-mcan-squared 

S 

South 

sec 

seconds 

UT 

Shortened  form  of  UTC 

UTC 

Coordinated  Universal  Time 

V 

Volt 

VLF 

Very  low  frequency 

W 

West 

WGS-84 

1984  World  Geodetic  Spheroid 

HSCC 

microsecond 

uF 

microfarad 
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CHAPTER  4 


FUNDAMENTALS  OF  OMEGA  NAVIGATION 
AND  POSITION  FIXING 


Chapter  Overview  —  This  chapter  presents  position  determination  using  measurements 
of  radiowave  signal  propagation,  based  on  distance  from  known  locations,  namely 
transmitting  station  locations.  Although  the  focus  is  on  Omega,  the  fundamentals  are 
applicable  to  all  radionavigation  systems.  A  brief  general  introduction  to  navigation 
and  position  fixing  is  provided  in  Section  4.1.  Section  4.2  presents  a  general  overview  of 
the  general  principles  of  position  determination,  which  are  applicable  to  most  radiona¬ 
vigation  systems,  including  Omega.  These  fundamentals  are  approached  from  the 
graphical,  or  geometric,  point  of  view  to  provide  a  visual  understanding  of  the  position 
determination  process.  Both  range-range  and  hyperbolic  techniques  are  introduced. 
The  relationship  between  distance  and  Omega  signal  phase  is  developed  in  Section  4.3. 
The  concept  of  Omega  lanes  and  the  process  of  lane  determination  are  also  introduced, 
in  addition  to  the  use  ofPPCs,  which  permit  a  relatively  simple  propagation  model  used 
for  Omega  navigation.  Section  4.4  defines  the  navigation  coordinates  and  introduces 
the  position  determination  process  as  one  of  coordinate  conversion.  The  popular  least- 
squares  algorithm,  which  is  employed  by  most  modem  equipment,  is  developed  and  used 
to  illustrate  a  generic formulation  and  implementation  of  a  practical  position  determina¬ 
tion  algorithm.  The  more  common  hybrid,  or  integrated  systems,  techniques  involving 
Omega  are  presented  in  Section  4.5  and  some  of  the  most  important  issues  associated 
with  position  accuracy  are  addressed  in  Section  4.6.  Problems  are  contained  in  Sec¬ 
tion  4.7,  abbreviations/acronyms  are  defined  in  Section  4.8  and  the  chapter  references 
are  identified  in  Section  4.9. 


4.1  INTRODUCTION 

Navigation  is  the  process  of  directing  the  movement  of  a  craft  from  one  location  to  another 
(Ref.  1).  The  craft  can  be  any  vehicle  capable  of  purposeful  motion.  Navigation  of  a  slow-moving  craft 
typically  involves  answering  the  question,  “Where  am  I?”  At  higher  speeds  encountered  with  aircraft, 
the  questions  may  include,  “Which  way,  and  how  far?”  Although  this  process  involves  position,  direc¬ 
tion,  time  and  speed,  po.sition  is  the  most  fundamental  output  of  all  navigation  systems.  Classically, 
position  determination  schemes  have  been  classified  (Ref.  1)  as  either  position  fixing  or  dead  reckoning. 
Position  fixing  is  the  determination  of  the  craft’s  location,  relative  to  a  specified  coordinate  or  reference 
system,  without  reference  to  any  former  position  of  the  craft.  This  contrasts  with  dead  reckoning,  which 
is  ihe  process  of  extrapolating  a  known  position  of  the  craft  to  some  future  position  using  measurements 
of  direction  of  motion  and  distance  traveled. 
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These  classical  definitions  are  often  blurred  by  modem  navigation  equipment  that  generally 
integrates  these  two  schemes,  dead  reckoning  forming  the  basis  for  navigation,  and  position  fixing  being 
used  to  update  the  indicated  position.  If  position  fixes  are  only  available  infrequently,  then  dead  reckon¬ 
ing  is  used  between  fixes  to  determine  the  position  of  the  craft.  On  the  other  hand,  dead  reckoning  is  not 
necessary  if  nearly  continuous  position  fixes  are  available  or  if  it  is  not  necessary  to  know  the  craft 
position  between  fixes. 

The  Omega  system  (Fig.  4.1-1)  consists  of  eight  transmitting  stations  strategically  located 
around  the  world.  Transmitting  stations  broadcast  omnidirectional  continuous  wave  signals,  which  are 
time  multiplexed  at  12  frequencies  (see  Chapter  3)  in  the  VLF  band:  four  common  frequencies  and  a 
unique  frequency  for  each  station.  An  Omega  receiver  processes  the  phase  of  the  received  signals,  at  one 
or  more  of  the  frequencies,  from  two  or  more  stations  to  determine  the  receiving  antenna  position  in 
terms  of  latitude  and  longitude  on  the  earth.  The  process  of  transforming  the  measurements  of  Omega 
signals  into  indicated  position  is  the  focus  of  this  chapter.  Understanding  this  process  is  not  difficult 


Figure  4.1-1  Omega  System  Geometry 
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once  several  fundamental  concepts  are  understood.  Each  concept  is  introduced  and  explained  in  this 
chapter  using  basic  terms  and  examples.  These  fundamentals  are  then  used  to  develop  a  navigation  algo¬ 
rithm  that  is  typical  of  most  modern  receiving  equipment.  Specific  algorithms  used  by  actual  equipment 
are  not  provided  since  they  are  generally  considered  to  be  proprietary  to  the  manufacturer. 

Position  accuracy  is  the  fundamental  measure  of  navigation  system  performance  and  is  defined  as 
the  difference,  or  error,  between  the  true  position  of  the  craft  and  the  position  indicated  by  the  navigation 
equipment.  In  an  ideal  world  without  noise  and  with  no  Omega  signal  propagation  or  measurement  errors, 
assuming  that  the  navigation  algorithms  are  correct,  no  position  error  would  occur.  In  the  real  world, 
however,  numerous  error  sources  contribute  to  system  navigation  error.  Some  of  the  errors  can  be  con¬ 
trolled  or  their  contribution  to  navigation  error  can  be  reduced  to  acceptable  levels  through  mathematical 
algorithms  and  operational  procedures.  Other  errors  are  simply  a  fact  of  the  real  world  and  serve  to  define 
the  capability  and  accuracy  of  the  Omega  system.  It  is  important  to  understand  the  source  of  these  errors 
and  their  impact  on  both  the  formulation  of  the  navigation  algorithms  and  the  resulting  navigation  error. 
Important  sources  of  navigation  error  are  introduced  in  this  chapter  along  with  the  related  concept  of  Geo¬ 
metric  Dilution  Of  Precision  (GDOP) .  GDOP  is  a  commonly  used  figure  of  merit  that  characterizes  the 
geometry-related  position  error  caused  by  Omega  signal  phase  measurement  errors. 

Navigation  with  Omega  using  modem  equipment  is  often  accomplished  with  multiple  sources  of 
positioning  information  to  produce  an  integrated  navigation  solution.  For  example,  most  airborne 
Omega  equipment  supplements  the  Omega  system  signals  with  signals  from  the  Navy  VLF  communica¬ 
tions  system.  Most  Omega  navigation  equipment  can  also  use  position  information  and  velocity 
information  from  an  independent  source  to  initialize  or  aid  the  Omega  navigation  solution.  Omega  has 
also  been  integrated  with  inertial  and  satellite-based  navigation  systems  to  provide  an  integrated  naviga¬ 
tion  solution.  Because  all  navigation  sensors  and  systems  have  performance  and  operational  limitations, 
the  process  of  integration  attempts  to  exploit  the  positive  aspects  of  each  sensor  or  system  to  provide  the 
best  navigation  solution.  Some  of  the  most  common  example  of  integrated  systems  are  introduced  and 
discussed  in  Section  4.5. 

In  this  chapter,  the  primary  focus  is  on  providing  a  basic  understanding  of  the  process  of  position 
fixing  using  measurements  of  the  distance  (inferred  from  phase  measurements),  or  change  in  distance 
from  known  locations  like  the  location  of  Omega  transmitting  stations.  Our  goal  is  to  develop  a  funda¬ 
mental  understanding  of  how  the  position  of  a  craft  can  be  determined  using  signals  provided  by  the 
Omega  system.  This  is  fundamental  to  understanding  how  Omega  is  used  for  navigation  in  either  a 
stand-alone  or  integrated  mode. 
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4.2  BASIC  PRINCIPLES 


4.2.1  Fundamentals  of  Direct  Ranging  Position  Fixing 

Before  getting  into  the  specifics  of  position  determination  with  Omega,  it  is  instructive  to  review 
the  fundamental  principles  of  position  fixing.  All  radionavigation  systems,  including  Omega,  depend  on 
measuring  or  inferring  by  some  means  the  distance  from  a  known  location  to  the  craft’s  current  position. 


Assume  for  the  moment  that  the  earth  is  flat  and  the  locations  of  three  points  (Ti,  T2  and  T3)  are 
known  on  this  flat  earth.  Further  assume  that  we  want  to  determine  the  position  of  the  craft  at  point  Ri. 
The  geometry  for  this  problem  is  illustrated  in  Fig.  4.2-  la.  Assuming  that  there  is  some  direct  or  indirect 
means  for  measuring  the  distance  from  T 1  to  R 1 ,  we  can  use  this  measurement  to  plot  a  constant  Line  Of 
Position  (LOPi),  which  in  this  case  is  a  circle  centered  at  Ti  (Fig.  4.2- 1  b).  Position  Ri  is  somewhere  on 
LOPi,  but  a  single  (scalar)  distance  measurement  is  not  sufficient  to  determine  position  in  two  dimen¬ 
sions.  At  least  two  independent  measurements  are  necessary  to  locate  the  two-dimensional  position  of 
the  craft.  Assuming  that  a  second  measurement  of  the  distance,  from  T2  to  R 1 ,  can  be  obtained,  a  second 
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LOP  can  be  plotted  and  is  shown  as  L0P2  in  Fig.  4.2-ic.  Now,  it  is  easy  to  see  that  the  location  of  Ri  is  at 
the  intersection  of  1  OPi  and  LOP2.  This  is  the  basis  for  what  is  referred  to  as  range-range  (or  rho-rho) 
naviga'ion. 

Also  note  in  Fig.  4.2-  Ic  that  there  is  a  second  intersection  of  the  two  LOPs  at  Ra;  this  is  called  an 
anomalous  fix  since  it  is  not  the  desired  position.  It  is  necessary  to  identify  which  intersection  of  the 
LOPs  is  the  desired  position.  If  the  approximate  location  of  R]  is  known  and  Ra  is  much  farther  away 
from  R 1  than  the  error  in  this  approximate  kiiowledge  of  the  location  of  Ri ,  then  Ra  is  easily  identified  as 
an  anomalous  fix.  One  way  to  resolve  the  anomalous  fix  problem  is  to  acquire  a  third  range  measure- 
nicnt  from  T3  (Fig.  4.2- 1  d).  Now  the  intersection  of  all  three  LOPs  unambiguously  identifies  Ri .  Also, 
this  is  the  basis  for  what  is  referred  to  as  range -range-range  (or  rho-rho-rho)  navigation.  Any  number  of 
indcp  -  nOc  u  range  measurements  can  be  used;  this  is  referred  to  as  a  multilateration  or  multiranging  nav¬ 
igation  ...elution.  Other  methods  for  resolving  anomalous  fixes  are  available.  It  is  generally  not  a  prob¬ 
lem  in  practice,  particularly  when  navigating  rather  than  position  fixing.  On  a  moving  craft,  the  ,  roent 
indjcation  of  position  is  usually  close  to  the  previously  indicated  or  known  position  and  the  ambiguity  is 
easily  resolved.  Notice  that  if  Ra  is  close  to  Ri,  the  range  measurements  in  Fig.  4.2-lc  are  nearly  collin- 
car.  This  represents  "poor  geometry”  and  resuiis  in  excessive  navigation  error  treated  this  in  the  next 
section,  (This  simple  example  is  the  basis  for  position  fixing  with  all  radionavigation  systems,  including 
Omega!  J  In  summaiy,  the  position  determination  process  combines  multiple  measurements  of  the  dis¬ 
tance  from  known  locations  to  ascertain  the  current  position  of  the  craft. 

4.2.2  Real  World  Positioning  Errors 

If  j.  osition  fixing  is  really  as  simple  as  indicated  in  Section  4,2. 1 ,  why  is  it  necessary  to  write  books 
on  tilt*  subject?  The  an.svver  is,  "because  we  live  in  a  real  world  rather  than  the  ideal  world  assumed  in  the 
preceding  discussion.”  The  most  significant  problem  in  the  real  world  is  uncertainty  or  “error.”  All  mea¬ 
surements  arc  subject  to  errors  that  cause  the  position  indicated  by  the  navigation  equipment  to  be  in  error. 

Returning  to  the  simple  example  in  Fig.  4.2-1,  assume  that  the  distance  measurements  have  a 
bias  error  such  that  the  measured  distance  is  somewhat  larger  (or  smaller)  than  the  actual  (true)  distance. 
Now,  instead  (jf  the  three  LOPs  intersecting  precisely  at  Ri  there  are  three  distinct  iulci sections 
(Rn.  R23.  tind  H12)  near  Ri,  as  illustrated  in  Fig.  4.2-2.  We  now  must  pick  one  of  the  three  solutions  or 
somehow  combine  the  three  solutions  (e.g.,  using  some  form  of  averaging)  to  estimate  Ri ,  given  that  R] 
is  somewhere  within  the  shaded  region.  In  any  event,  the  indicated  position  will  probably  be  in  error  and 
ihc  position-fixing  process  has  become  abit  more  complicated.  It  is  clear  that  some  type  of  algorithm  is 
necessary  to  automate  the  process. 
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In  addition  to  bias,  or  systematic,  measurement  errors,  we  must  also  contend  with  random,  or 
noise-like,  measurement  errors  in  the  real  world.  A  random  measurement  error  causes  a  “jitter”  or 
“randomness”  in  the  computed  position.  Again  building  on  our  simple  example,  assume  that  the  mea¬ 
sured  distance  includes  a  noise-induced  error  such  that  each  time  a  measurement  is  made  a  slightly  differ¬ 
ent  value  is  obtained  for  the  indicated  range.  The  LOP  crossings  will  differ  for  eacn  measurement  and  the 
indicated  craft  position  will  change  with  each  romputation,  even  if  the  craft  is  stationary. 

If  the  noise  is  a  zero-mean  random  process  (Ref,  2),  the  average  of  many  range  measurements  (or 
position  solutions)  can  be  used  to  determine  an  average  (mean)  indication  of  position;  this  significantly 
reduces  the  error  in  the  position  fix.  Effectively,  this  is  done  by  the  so-called  navigation  filters  used  in 
receiving  equipment.  If  the  craft  is  stationary,  then  averaging  over  many  measurements  is  quite  feasible, 
resulting  in  a  dramatic  reduction  in  the  effect  of  random  measurement  errors  (noise)  on  the  position  fix. 
However,  the  amount  of  “averaging”  that  can  be  performed  on  a  moving  platform  is  limited  because  each 
measurement  is  associated  with  a  new  position  of  the  craft.  Unless  this  motion  of  the  craft  is  properly 
accounted  for  by  the  filtering  algorithm,  it  may  not  be  possible  to  distinguish  true  motion  of  the  craft  from 
the  apparent  motion  caused  by  noise.  Consequently,  additional  error  can  be  introduced  by  averaging  this 
dynamic  effect.  For  example,  an  aircraft  flying  at  3(X)  knots  moves  500  feet  in  one  second.  Therefore,  simply 
averaging  several  measurements  over  tens  of  seconds  will  introduce  a  significant  en  or  in  the  indicated  posi¬ 
tion  of  the  aircraft  since  the  true  position  of  aircraft  is  significantly  different  at  each  measurement. 
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Techniques  to  reduce  the  effects  of  dynamic  errors  on  a  moving  platform  include  rate  aiding  of 
the  measurement  tracking  process  and  the  use  of  dynamic  models  in  a  Kalman  filter  (addressed  in 
Appendix  D).  Rate  aiding  uses  an  external  source  of  craft  velocity,  such  as  an  air  speed  indicator  in  an 
aircraft,  and  a  heading  indicator,  a  compass,  or  an  estimate  of  velocity  derived  from  the  changes  in  posi¬ 
tion  as  an  indication  of  vehicle  motion.  Individual  measurements  that  are  separated  in  lime  can  be 
related  through  dead  reckoning;  the  current  position  is  approximated  by  the  previous  position  plus  the 
integral  of  velocity  over  the  time  between  measurements.  If  the  time  interval  is  small  and  the  velocity  is 
nearly  constant,  the  integral  is  well  approximated  by  the  product  of  velocity  and  time  between 
measurement.  Differencing  the  dead  reckoned  position  with  the  craft  position  derived  from  the  Omega 
measurements  yields  an  indication  of  the  error.  Because  this  error  does  not  include  the  rapidly  changing 
position  of  the  vehicle,  it  can  be  averaged  over  several  measurements  and  used  to  improve  the  indicated 
position  of  the  craft.  This  process  is  expanded  upon  in  Section  4.4.  Kalman  filtering  is  an  advanced 
filtering  technique  that  allows  time-varying  dynamics  to  be  modeled  and  included  in  the  filtering  pro¬ 
cess.  In  spite  of  the  available  techniques  for  reducing  the  effect  of  noise,  random  positioning  errors  are 
associated  with  all  practical  real-world  navigation  systems.  The  size  of  these  random  errors  often  limits 
the  utility  of  the  system. 

4.2.3  Geometry  Effects 

Along  with  measurement  error,  a  related  geometry  effect  is  important  in  determining  the  fix  error  in 
radionavigation  systems.  Returning  again  to  the  example  in  Fig.  4.2- 1 ,  note  that  the  LOPs  can  cross  with  a 
crossing  angle  between  0  and  90°.  Tlie  LOP  crossing  angles  depend  on  the  relative  position  (geometry)  of 
T 1.  T2,  T3  and  Ri.  In  an  ideal  world  the  crossing  angle  would  not  be  critical,  except  for  the  case  where  it 
approaches  zero  and  the  previously  identified  requirement  to  resolve  the  ambiguous  fix  becomes  difficult. 

In  the  presence  of  measurement  errors,  geometry  has  a  profound  effect  on  the  position  fix  accuracy 
and  is  one  of  the  most  important  characteristics  that  limits  the  performance  of  radionavigation  systems, 
This  is  easily  seen  by  looking  at  the  uncertainty  associated  with  determining  the  intersection  of  two 
LOPs  in  the  presence  of  measurement  noise.  In  Fig.  4,2-3,  two  LOPs  (range-range  position  fix)  arc 
shown  with  a  large  crossing  angle  near  90°  and  also  for  a  relatively  shallow  crossing  angle  near  0°. 
Assume  that  the  measurement  noise  causes  a  random  variation  around  the  nominal  (mean  or  average) 
value  of  the  LOP.  Further  assume  that  the  maximum  variation  in  the  indicated  position  of  the  LOP  is  ±fi. 
Because  of  this  randomness  in  the  measurement,  the  indicated  location  of  the  LOP  crossing  (po,sition 
fix)  can  occur  anywhere  within  the  shaded  area  of  uncertainty.  Therefore,  the  size  of  this  area  of  uncer¬ 
tainty  is  directly  related  to  the  position  fix  uncertainty. 
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Figure  4,2-2  Range-Range  Position  Fix  Uncertainly  Regions  Due  to  Range 
Measurement  Noise  as  a  Function  of  LOP  Crossing  Angle 

If  these  two  LOPs  with  the  same  associated  fluctuaiion  bounds  of  happen  to  cross  with  a  very 
shallow  crossing  angle,  the  associated  area  of  uncertainty  is  now  much  larger  than  for  the  90“^  crossing 
angle  (see  Fig,  4,2-3j,  Since  the  indicated  position  can  fall  anywhere  within  this  imccnainiy  region,  the 
resulting  fix  error  also  has  the  potential  to  be  much  larger  This  geometric  effect  is  captured  numerically 
by  a  figure  ol  merit  called  (/<Ywie/n<  Dilution  of  Precision  (GDOP),  which  is  the  ratio  of  position  error 
divided  by  range  measurement  error,  Therefore,  a  large  GDOP  is  assoeiaicd  with  large  areas  of  uncer¬ 
tainty  and  the  associated  position  error  will  be  larger  than  the  range  measurement  error.  For  example,  a 
GDOP  of  8  means  that  the  position  error  will  be  about  eight  timc,s  larger  than  the  range  measurement 
error.  Further  discussion  of  GDOP  is  provided  in  Chapter  lOand  additional  insights  arc  provided  later  in 
this  chapter.  Although  this  graphical  interpretation  of  the  effect  of  geometry  on  fix  error  is  somewhat 
oversimplified,  it  captures  the  essence  of  (he  |)roblcm  and  provides  a  useful  mental  picture  to  support  the 
associated  mathematics  addressed  later  in  iliis  chapter.  Fix  geometry  must  be  accounted  for  in  any  prac¬ 
tical  navigation  algorithm  and  the  navigation  user  should  be  aware  of  poor  geometry  conditions  that  de¬ 
grade  navigation  accuracy,  Rcnicrnbcr  that  range  measurement  errors  cause  position  fix  uncertainty 
(error)  and  poor  geometry  (large  GDOP)  inagriifics  (he.  effect  of  the  range  error  on  the  positioti  fix  error, 
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4.2.4  Range  Measurement  with  Radiowaves 

Thus  far  our  simple  example  has  assumed  that  it  is  possible  to  measure  the  distance  from  a  refer¬ 
ence  point  (T)  to  the  desired  fix  point  (R),  The  process  of  “measuring”  this  distance  is  fundamental  to  all 
radionavigation  systems.  The  reference  points  are  the  known  locations  of  the  transmitting  stations  and 
the  fix  point  is  the  location  of  the  receiver  antenna.  No  radionavigation  system  directly  measures  this 
distance.  At  best,  the  time  it  takes  for  a  radiowave  to  propagate  over  the  distance  can  be  measured  and  the 
associated  distance  inferred  from  the  “known”  propagation  velocity  of  the  signal.  The  word  known  is  in 
quotation  marks  because  the  precise  propagation  velocity  of  a  radiowave  is  generally  only  available  for  a 
known  uniform  media;  e  g.,  the  propagation  velocity  in  a  vacuum  (free  space)  is  the  same  as  the  speed  of 
light:  299,792.5  km/sec. 

The  presence  of  the  earth  introduces  variations  from  frce-space  signal  propagation  that  can  be 
computed,  but  only  if  the  electromagnetic  properties  of  the  path  arc  known  (see  Chapter  5  for  additional 
details).  In  most  applications,  the  propagation  velocity  of  the  signal  can  be  adequately  approximated. 
Allematively,  the  propagation  velocity  can  be  inferred  from  time  or  phase  measurements  over  a  known 
path  and  then  used  to  estimate  the  distance  on  other  paths  with  similar  physical  and  electrical  characteris¬ 
tics.  This  is  in  fact  the  basis*  for  determining  the  Propagation  Corrections  (PPCs)  used  to  improve 
Omega  accuracy  (Chapter  9). 

In  general,  there  is  a  need  to  measure  the  time  it  takes  for  a  radio  signal  to  propagate  over  the 
desired  distance  .so  as  to  infer  the  distance.  In  the  case  of  Omega,  signal  phase  is  the  fundamental 
measurement.  However,  we  must  address  some  additional  complications  associated  with  phase 
measurements.  These  arc  icfcrrcd  to  Section  4.3  and  time  is  assumed  to  be  the  fundamental  measure¬ 
ment  in  this  section.  If  all  transmitting  stations  are  synchronized  to  transmit  at  precisely  the  same  time, 
and  the  receiver  has  knowledge  of  this  time,  all  that  is  necessary  is  to  measure  the  time  at  which  each 
signal  is  received  and  compute  the  distance  to  each  transmitter  using  the  known  propagation  velocity  of 
the  signal.  .Sounds  too  easy,  right? 

If  all  transmitters  are  .synchronized  to  transmit  at  the  same  time,  to,  the  time  at  which  the  signal  is 
received,  /,  from  each  of  three  transmitters  (1,2,  and  3)  is 

ti  “to  +  tji 

t2«=to  +  tr7.  (4.2-1) 

t3  “  to  -f  i[3 


*lvr  PPCs,  the  [ihasc  velocity  (the  apparent  velocity  of  phase  motion)  is  estimated. 
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where  t,-  is  the  signal  propagation  time.  If  (q  is  known,  then  any  two  measurements  of  t  provide  the  neces¬ 
sary  information  to  compute  a  rho-rho  fix.  However,  if  Iq  is  unknown  it  introduces  a  bias  in  each 
measurement  and  the  indicated  position  given  by  the  crossing  of  any  two  LOPs  will  be  in  error,  as  illus¬ 
trated  in  Fig.  4.2-2.  Four  fundamental  approaches  get  around  this  problem:  1)  use  an  external  indication 
of  /Q,  2)  estimate  to  using  a  known  location,  3)  estimate  to  using  additional  independent  measurements, 
and  4)  employ  the  range-difference  (hyperbolic)  mode. 

Approach  1  requires  an  accurate  external  clock  (e.g.,  cesium  frequency  standard)  that  is  synchro¬ 
nized  at  the  stations  and  (conceptually)  retains  the  value  of  ro  for  subsequent  use  by  the  receiver. 
Approach  2  requi  res  the  craft  to  be  positioned  at  a  known  location.  The  radionavigation  fix  is  compared 
with  the  known  location  and  the  value  of  to  determined,  which  “forces”  the  indicated  position  to  match 
the  known  location.  This  value  of  to  can  then  be  used  as  the  craft  moves  to  their  locations,  assuming  that 
to  does  not  change.  Approach  3  is  based  on  the  fact  that  a  minimum  of  two  range  measurements  is 
required  to  compute  a  rho-rho  fix.  If  one  or  more  additional  measurements  are  available  from  other 
stations,  the  added  information  can  be  used  to  estimate  ro-  Returning  to  the  example  illustrated  in 
Fig.  4.2-2,  to  will  introduce  a  range  bias  (RB)  of  equal  value  in  all  three  range  measurements  (R).  If  we 
can  determine  the  value  of  the  common  range  bias  that  must  be  removed  to  cause  all  three  LOPs  to  cross 
at  a  common  point,  the  effect  of  to  is  eliminated.  This  is  the  basis  for  the  rho-rho-rho  mode  of  direct 
ranging  and  is  easily  extended  to  handle  any  number  of  multiranging  measurements. 

Historically,  i4/jproac/i  4  has  been  the  most  popular  due  to  its  simplicity  and  low  cost  of  imple¬ 
mentation.  Overcoming  the  need  for  the  receiver  to  know  when  the  transmitters  transmit  can  be  accom¬ 
plished  using  the  range  difference  or  hyperbolic  mode.  The  hyperbolic  mode  of  navigation  uses  range 
differences  rather  than  the  absolute  range  to  obtain  a  position  solution.  A  minimum  of  three  stations  is 
required  for  a  hyperbolic  solution.  Let  us  take  a  look  at  how  the  hyperbolic  mode  gets  around  the  prob¬ 
lem  of  the  receiver  needing  to  know  when  the  transmission  starts.  Simply  differencing  the  time  that  the 
signal  is  received  from  any  two  stations  (Eq.  4.2-1)  eliminates  to  and  provides  a  direct  measure  of  the 
time  difference  (f<y): 


tdl2  =  tl-t2  =  trl-tr2 

tdl3  =  ti  -t3  =  tri  -tr3 
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Conceptually,  the  time  difference  can  be  measured  by  starting  a  stopwatch  when  one  signal  is  received  and 
stopping  the  watch  when  the  second  signal  is  received.  Notice  that  the  unknown  time,  to.  drops  out  of  the 
time  difference  expressions  leaving  only  the  differences  between  the  signal  propagation  times.  Multiply¬ 
ing  the  time  differences  by  the  signal  propagation  velocity  yields  a  measurement  of  the  range  difference. 
Because  of  the  popularity  of  the  hyperbolic  mode,  further  details  are  provided  in  the  following  section. 

4.2.5  Hyperbolic  Mode 

The  range  difference  approach  is  called  the  hyperbolic  mode  because  the  resulting  LOPs  are  a 
family  of  hyperbolas  (as  compared  to  the  circles  associated  with  the  direct-ranging  mode),  which  are 
symmetric  around  the  baseline  (the  direct  path  between  the  two  station  locations),  as  illustrated  in 
Fig.  4.2-4.  Note  that  the  hyperbolic  LOPs  are  easily  constructed  from  the  circular  LOPs  for  each  station 
by  connecting  the  crossing  points  associated  with  equal  differences  between  the  LOPs  from  each  station. 
The  zero-difference  LOP  is  the  perpendicular  bisector  of  the  baseline  because  the  time  for  the  signal  to 
propagate  from  T  i  is  equal  to  the  propagation  time  from  T2.  Also,  the  baseline  extension  is  important 
because  it  represents  a  region  where  a  hyperbolic  fix  cannot  be  computed. 


The  hyperbolic  LOPs  for  stations  Ti  and  T2  are  redrawn  in  Fig  4.2-5a  to  reduce  the  clutter 
associated  with  the  constant-range  circles.  Notice  that,  unlike  rho-rho  LOPs  that  have  a  constant  repeti¬ 
tive  spacing,  the  spacing  between  the  hyperbolic  LOPs  increases  with  increasing  distance  from  the  base¬ 
line.  This  is  significant  since  it  gives  rise  to  an  associated  increase  in  the  GDOP,  which  means  reduced 
accuracy.  It  is  important  to  recognize  that  the  accuracy  of  a  hyperbolic  fix  is  not  just  a  simple  function  of 
the  LOP  crossing  angle,  like  in  the  rho-rho  mode,  but  also  depends  on  the  relative  spacing  between  the 
LOPs.  This  point  is  further  illustrated  in  the  following  discussion. 

As  with  the  rho-rho  mode,  at  least  two  hyperbolic  LOPs  are  also  required  to  determine  position 
Ri.  A  second  set  of  hyperbolic  LOPs  can  be  generated  by  using  stations  T  j  and  T3.  The  resulting  hyper¬ 
bolic  LOPs  that  cross  at  Ri  are  illustrated  in  Fig.  4.2-5b.  Although  T  j  is  common  to  LOP12  and  LOP13, 
there  is  no  requirement  to  select  Ti  as  the  common  station.  Either  T2  or  T3  can  be  selected  as  the  common 
station  with  the  same  resulting  position  and  GDOP.  This  is  counter-intuitive  since  the  relative  geometry 
of  the  LOPs  is  quite  different.  This  point  is  illustrated  by  comparing  Fig.  4.2-5b  and  Fig.  4.2-5c.  The 
stations  are  identical  in  both  cases  but  the  hyperbolic  LOPs  crossing  at  Rj  have  significantly  different 
geometry,  depending  the  common  station.  One  may  be  inclined  to  conclude  that  selecting  T2  as  the  com¬ 
mon  station  yields  better  LOP  cross i  ng  geometiy  and  hence  a  lower  GDOP  Thi  s  i s  not  true !  B oth  geom¬ 
etries  provide  identical  GDOP.  In  practice,  there  may  be  slight  differences  in  the  fix  error  since  the 
GDOP  calculation  assumes  equal  and  unbiased  error  levels  for  each  station. 

It  should  be  noted  in  passing  that  a  four-station  hyperbolic  solution  can  be  obtained  if  four  sta¬ 
tions  are  available.  In  this  case  the  position  fix  and  associated  accuracy  (GDOP)  does  depend  on  the 
particular  station  pairs  selected.  Because  this  is  not  a  common  mode  of  operation  we  will  not  address  it 
further  here.  Aside  from  the  case  in  which  only  range  differences  are  available  because  of  data  collection 
or  receiving  equipment  limitations,  the  four-station  hyperbolic  mode  offers  no  advantage  over  the  four- 
station  direct  ranging  mode  implemented  with  a  least-squares  algorithm.  As  with  the  range-range 
navigation  mode,  anomalous  fixes  can  also  occur  in  the  hyperbolic  mode  and  must  be  resolved  by  using 
techniques  similar  to  those  employed  for  range-range  navigation. 

4.2.6  Historical  Position  Fixing  and  Navigation 

Before  the  availability  of  efficient  on-board  digital  computers,  navigation  with  Omega  was 
accomplished  by  using  precomputed  hyperbolic  LOPs  plotted  on  paper  charts.  These  charts  were  devel¬ 
oped  and  published  by  Defense  Mapping  Agency  (DMA)  for  use  available  Omega  stations,  Measure¬ 
ments  made  by  a  navigator  using  an  Omega  receiver  were  usually  plotted  on  the  chart  to  identify  two  or 
more  LOPs.  The  intersection  of  these  LOPs  provided  the  position  fix.  This  hyperbolic  fix  point  could 


4-12 


0-)0«!6 

I0-I4-42 


(c)  Hyperbolic  LOP  Crossing 
(T2  Common) 


Figure  4.2-5  Hyperbolic  Position-Fix  Technique 
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then  be  related  to  the  lines  of  latitude  and  longitude,  or  other  navigational  information,  also  plotted  on  the 
chart.  This  process  was  repeated  periodically  by  the  navigator  to  determine  the  track  of  the  craft  as  given 
by  the  locus  of  fix  points. 

With  the  advent  of  microprocessors,  Omega  receiving  equipment  significantly  improved.  Paper 
charts  are  becoming  a  thing  of  the  past  as  they  are  being  replaced  with  electronic  coordinate  converters. 
Computer-based  coordinate  converters  employ  mathematical  algorithms  to  process  the  measurement 
data  and  directly  compute  the  latitude  and  longitude  of  the  craft.  Not  only  does  this  eliminate  the  manually 
intensive  piocess  of  using  paper  charts,  accuracy  and  overall  capability  of  the  receiving  equipment  are 
significantly  improved.  There  has  been  a  general  trend  to  move  away  from  the  hyperbolic  mode  to  the 
multi-ranging  mode  where  all  usable  measurements  from  multiple  stations  are  used  to  compute  the  fix 
rather  than  selecting  just  three  stations.  Fix  algorithms  and  processing  techniques  are  addressed  in  Sec¬ 
tion  4.4.  However,  it  is  important  to  have  a  basic  understanding  of  the  position  fixing  process  first  before 
getting  immersed  in  the  mathematical  details.  Keep  in  mind  the  picture  of  intersecting  LOPs,  either  circu¬ 
lar  or  hyperbolic,  since  this  is  the  basis  for  all  radionavigation  techniques.  A  comparison  of  the  important 
tradeoffs  for  the  various  techniques  is  summarized  in  Table  4.2-1. 

At  this  point,  it  i.s  important  to  have  a  basic  understanding  of  the  fundamental  concepts  of  rho- 
rho,  rho-rho-rho  and  hyperbolic  position  fixing  using  time  (or  range)  mea.surements.  The  rest  of  this 
chapter  expands  upon  these  basic  concepts  to  provide  the  details  required  to  understand  the  real-world 
Omega  system  and  signal  characteristics,  in  addition  to  the  practical  implementation  of  vehicle  naviga¬ 
tion  with  Omega  signals. 


Table  4.2-1  Comparison  of  Navigation  Fix  Modes 


ATTRIBUTE 

NAVIGATION  MODE 

HYPERBOLIC 

RHO-RHO 

RHO-RHO-RHO 

Accuracy 

Better  (under  ideal  conditions) 

Good 

Best 

Geometry 

Dilutes  accuracy 

Less  effect 

Same  as  rho-rho 

Stations 

Minimum  of  3 

Minimum  of  2 

Minimum  of  3 

Cost 

Low 

High 

Medium 

External  clock 

No 

Yes 

No 
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4.3  OMEGA  SIGNAL  PHASE  AND  DISTANCE  RELATIONSHIPS 
4.3.1  Signal  Characteristics 

An  electromagnetic  radiowave  has  sinusoidal  characteristics  in  both  time  and  space.  The  best 
visual  analogy  is  to  drop  a  stone  in  a  pond  and  observe  the  waves  (Fig.  4.3-1).  The  ripples  in  the  radial 
direction  form  a  sinusoidal  (spatial)  shape  on  the  surface  of  the  water  that  appears  to  move  (propagate) 
away  from  the  source  of  the  excitation.  There  is  no  actual  motion  of  the  surface  in  the  radial  direction;  a 
cork  floating  on  the  surface  will  bob  up  and  down  but  does  not  actually  move  in  the  radial  direction  along 
with  the  waves.  The  motion  of  the  waves  at  a  fixed  location  in  the  water  is  up  and  down  with  a  sinusoidal 
(temporal)  motion  at  a  certain  frequency.  The  distance  between  the  peaks  (or  troughs)  of  the  waves  is 
called  the  wavelength,  which  represents  a  phase  shift  of  2jt  radians  (or  360°).  This  is  a  simple  visual 
illustration  of  the  temporal  and  spatial  characteristics  of  a  radiowave. 

The  above  visualization  can  be  represented  mathematically: 

E  =  Eq  cos(a)f  -  kd)  (4.3-1) 

where: 

(0  =  Inf;  t  =  time',  f  =  frequency 
k  =  In fX',  d  =  distance',  A  =  wavelength 

The  quantity  Eq  is  the  peak  amplitude  of  the  wave,  <ot  is  the  temporal  portion  of  the  phase  and  kd  is  the 
spatial  component  of  the  phase,  which  is  the  product  of  the  wave  number,  k,  and  the  distance,  d. 
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Figure  4.3-1  An  Electromagnetic  Wave  Travels  Through  Space 
in  Much  the  Same  Manner  as  a  Wave  in  Water 
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A  plot  of  the  sinusoidal  wave  is  shown  in  Fig.  4.3-2  at  three  different  values  of  time.  The  ampli¬ 
tude  of  the  wave  is  plotted  as  a  function  of  both  phase  on  one  horizontal  scale  and  of  the  distance  from  the 
transmitter  on  a  second  scale.  In  Fig.  4.3-2,  if  the  point  P  (defined  as  a  constant-phase  point)  is  obseiwed 
as  a  function  of  time,  it  appears  to  move  (propagate),  just  like  the  example  of  waves  in  the  water,  in  the 
direction  of  propagation  at  the  phase  velocity  (v).  At  a  fixed  distance  from  the  transmitter,  the  signal 
amplitude  exhibits  a  sinusoidal  variation  at  frequency / with  a  peak  amplitude  of  £o  (see  Chapter  5  for  a 
complete  discussion  of  signal  propagation  effects). 

In  Section  4.2  it  is  assumed  that  the  fundamental  measurement  is  the  time  it  take.s  for  the  signal  to 
propagate  over  the  distance  between  the  transmitter  and  the  receiver.  This  is  because  it  is  easy  for  most 
people  to  think  in  terms  of  the  time  it  takes  to  move  a  certain  distance.  In  actuality.  Omega  position  fixing 
and  navigation  use  the  signal  phase  rather  than  time  as  the  fundamental  measurement.  Although  some 
additional  complications  are  associated  with  the  use  of  phase,  there  should  not  be  any  confusion  or  loss 
of  understanding  of  the  position  determination  process  since  a  direct  relationship  exists  between  the 
propagation  time  (or  distance)  and  the  phase  of  the  signal.  The  objective  of  either  type  of  measurement  is 
to  ascertain  range,  or  distance,  between  the  transmitter  and  the  receiver,  or  the  change  in  range  relative  to 
a  previously  known  position.  Figure  4.3-2  and  a  few  simple  equations  illustrate  this  point. 

The  propagation  velocity  (v)  of  a  radio  signal  is  defined  as: 

V  =  /A  (4.3-2) 


JS.  a  }ji  2n 

2k  k  2k  'k 


Figure  4.3-2  Sinusoidal  Wave  at  Three  Different  Values  of  Time 
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where/is  the  frequency  and  A  is  the  wavelength  of  the  signal.  FromEq.  4.3-1,  the  relationship  between 
the  phase  shift  {(p),  in  units  of  radians,  associated  with  a  signal  propagating  over  a  distance  d  during  the 
time  interval  t  is: 

<p  =  kd ^  (tit  (4.3-3) 

where  K  is  the  wave  number.  It  is  easy  to  see  from  Eq.  4.3-3  how  time,  distance  and  phase  are  all  related. 
Therefore,  the  distance  from  the  leceiver  to  the  transmitter  can  be  inferred  by  measuring  the  shift,  or 
change,  in  the  signal  phase  at  the  receiver  relative  to  the  phase  of  the  signal  at  the  transmitter. 

As  in  the  previous  time  measurement  example  where  it  is  necessary  to  know  the  time  at  which  the 
signal  is  transmitted,  the  phase  of  the  signal  at  the  transmitter  location  must  be  known  or  determined; 
alternatively,  the  hyperbolic  phase  difference  approach  can  be  used  to  get  rid  of  the  common  unknown 
phase.  Operationally,  all  eight  Omega  transmitting  stations  have  a  stable  signal  frequency  and  the  trans¬ 
mitters  are  phase-synchronized.  This  is  accomplished  by  using  cesium  frequency  standards  at  each  sta¬ 
tion  and  a  phase  shifter,  which  is  periodically  adjusted  to  correct  the  transmitted  signal  phase  for  any 
small  drift  in  the  cesium  clock  relative  to  the  other  stations  and  relative  to  an  external  time  reference.  The 
required  periodic  phase  adjustment  at  each  station  is  determined  with  the  SYNCS  software  (see  Chap¬ 
ter  7),  which  processes  signal  measurements  from  each  station  to  determine  the  required  phase  adjust¬ 
ments  at  each  station. 

At  any  given  instant  of  time,  the  cumulative  phase  {kd'j  increases  linearly  with  distance  from  the 
transmitting  station  and  is  equal  to  an  integral  number  of  cycles  plus  a  fraction  of  a  cycle.  The  sinusoidal 
spatial  pattern  repeats  as  the  signal  propagates  away  from  the  transmitter,  as  illustrated  in  Fig.  4.3-3.  At 
each  wavelength,  or  cycle,  the  wave  repeats;  this  distance  between  repetitions  is  called  an  Omega  lane. 
At  the  primary  Omega  frequencies  of  10.2  kHz  and  13.6  kHz,  the  respective  wave  lengths  (lane  widths) 
are  approximately  16  nm  and  12  nm.  Omega  lanes  are  an  important  concept  and  are  fundamental  to 
navigating  with  Omega.  This  important  subject  is  treated  in  detail  in  Section  4.3.3. 

The  example  in  Fig.  4.3-3  shows  a  constant  amplitude  signal  as  a  function  of  distance  from  the 
transmitter.  This  is  not  true  in  the  real  world,  which  is  a  lossy  medium.  The  actual  amplitude  of  a  plane 
wave  in  a  lossy  medium  is  approximated  by  an  exponential  amplitude  which  decays  with  distance  from 
the  transmitter: 


Ex  =  Eq  exp{  —  ad)  cos{(tit  —  kd) 


(4.3-4) 
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Figure  4.3-3  Omega  Lanes  Formed  by  Radio  Waves 


where  a  is  the  attenuation  rate.  Equation  4.3-4  is  illustrated  in  Fig.  4.3-4.  In  the  real  world  an  additional 
reduction  of  the  signal  amplitude  is  a  function  of  the  distance  from  the  transmitter  due  to  geometry  and  is 
referred  to  as  the  “spreading  factor”  (see  Chapter  5).  The  reduction  in  signal  amplitude  with  distance 
from  the  transmitter  does  not  directly  impact  the  position  fixing  process,  but  it  does  influence  the  accura¬ 
cy  of  the  position  lix.  This  is  because  in  the  real  world  it  is  necessary  to  contend  with  atmospheric  noise, 
which  limits  the  ability  of  the  receiver  to  detect  and  measure  the  signal  phase.  If  a  signal  level  is  very  high 
compared  to  the  noise  level,  the  noise  has  little  impact  on  fix  accuracy.  However,  when  the  signal  and 
noise  levels  are  comparable,  accuracy  is  degraded  due  to  the  noisy  phase  measurements.  The  limiting 
case,  of  course,  is  when  the  signal  is  buried  in  the  noise  and  cannot  be  detected  by  the  receiver.  Although 
signal  level  and  noise  issues  are  extremely  important  when  it  comes  to  understanding  Omega  system 
availability  and  accuracy  performance,  they  are  of  secondary  importance  to  the  fundamentals  of  position 
fixing.  Only  in  the  detailed  consideration  of  the  position  fix  algorithm  design  and  implementation  is  it 
necessary  to  address  these  issues.  The  details  of  signal  amplitude  and  noise  effects,  and  the  associated 
impact  on  the  navigation  fix,  are  addressed  in  Chapters  10  and  12. 


Figure  4.3-4  Plane  Wave  Propagation  in  a  Lossy  Medium 


4.3.2  Propagation  Corrections 

Another  real-v/orld  characteristic  that  impacts  navigation  accuracy  and  needs  to  be  accounted 
for  in  the  navigation  solution  is  the  fact  that  the  uue  cumulative  phase  is  not  exactly  a  linear  function  of 
distance  as  suggested  in  Eq.  4.3-3,  In  reality,  the  wave  number  (k)  is  not  constant  in  the  presence  of  the 
earth  and  generally  differs  for  each  point  along  the  signal  propagation  path.  Tliis  means  that  the  exact 
expression  for  the  phase  shift  is  a  rather  complicated  integral  of  the  wave  number  over  the  path.  Fortu¬ 
nately,  in  practice,  things  are  not  as  bad  as  this  may  lead  one  lO  believe.  Using  a  single  constant  wave 
nun'bcr  yields  a  total  nominal  /  hase  that  is  within  about  0.2%  to  2%  of  the  the  result  of  the  path  integral 
and  real-world  observations,  The  simple  nominal  phase  model  given  by  Eq.  4.3-3  is  the  fundamental 
model  used  in  mo.u  Omega  receivers  to  characterize  distance  as  a  function  of  phase. 

Although  an  accuracy  of  one  or  two  percent  may  be  adequate  for  some  applications,  it  is  not  suf- 
f icient  to  support  the  advertised  Omega  accuracy  of  2  to  4  nm,  95%  of  the  time.  To  obtain  the  advertised 
accuracy,  the  mn  ured  phase  must  be  corrected  in  the  receiver  for  the  real-world  effects  by  applying  a 
PPG  (propagation  correction)  to  each  phase  measurement.  After  correction  with  the  PPCs,  the  resulting 
corrected  phase  measurements  correspond  very  closely  to  the  nominal  phase  model.  Therefore,  for  the 
purpose  of  position  fixing  or  navigation  calculations,  there  is  no  need  to  worry  abr  it  the  real-world 
pha,-;e  complexities  since  it  can  be  assumed  that  they  are  taken  care  of  by  the  PPCs,  The  inability  to  pro¬ 
vide  perfect  corrections  of  all  real-world  effects  with  the  PPC  produces  a  residual  error  which  tends  to  be 
the  major  contributor  to  Omega  position  accuracy.  The  development  and  application  of  PPCs  are 
addressed  in  Chapter  9, 
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4.3.3  Omega  Lane  Determination 

Lane  determination  is  important  because  the  cumulative  phase  of  the  Omega  signal  at  any  point 
along  the  propagation  path  is  an  integer  number  of  cycles  (lanes)  plus  a  fraction  of  a  cycle,  as  illustrated 
in  Fig.  4.3-2.  Because  of  the  2jt  ambiguity  associated  with  phase  measurements,  the  receiver  can  only 
measure  the  fractional  part  of  a  cycle.  In  other  words,  that  the  phase  varies  from  0  to  360°  (2jc  rad)  in 
each  and  every  lane  (see  Fig.  4.3  -3).  A  receiver  arbitrarily  placed  somewhere  in  the  signal  coverage 
region  will  indicate  the  phase  within  a  lane.  Therefore,  without  knowing  the  lane  count  it  is  impossible  to 
determine  the  location  of  the  receiver  on  the  earth.  It  is  necessary  to  determine  the  lane  count  (number  of 
whole  cycles)  so  that  the  total  distance  from  the  transmitter  to  the  receiver  can  be  determined. 

There  are  three  basic  ways  to  determine  the  lane  count  and  the  associated  coarse  position.  The 
preferred  way  is  to  start  at  a  known  location  and  let  the  receiver  keep  track  of  the  lane  count  as  the  craft 
moves  from  the  known  position.  This  means  that  when  the  measured  phase  changes  360°  and  reads  zero 
degrees,  a  lane  counter  is  incremented  ;o)  decremented).  Obviously,  the  accuracy  of  the  initial  known 
position  must  be  no  worse  than  plus  or  minus  one-half  of  a  lane  width  or  the  wrong  initial  lane  may  be 
selected.  Most  of  the  time  this  approach  works  just  fine.  However,  there  is  always  the  possibility  that  the 
receiver  will  lose  track  of  the  lane  count  due  to  a  power  failure  or  a  temporary  loss  of  signal. 

The  second  way  to  derive  the  lane  count  is  to  use  another  independent  positioning  system,  such  as 
a  known  surveyed  location,  a  celestial  fix  or  an  elecU'onic  (e.g.,  Loran-C  or  radar)  or  visual  means.  This 
auxiliary  fix  must  be  accurate  enough  to  identify  the  correct  lane  so  that  the  Omega  lane  count  can  be 
reinitialized.  At  an  operating  frequency  of  1 0.2  kHz,  the  lane  width  is  approximately  1 6  nm  in  the  direct 
ranging  mode.  Therefore,  it  is  only  necessary  to  know  where  you  are  with  an  accuracy  of  ±8  nm  to  deter¬ 
mine  the  coarse  lane  count  and  then  use  Omega  to  refine  this  position  within  the  known  lane.  The  lane 
width  for  each  of  the  common  Omega  frequencies  is  listed  in  Table  4.3-1 .  Both  the  direct  ranging  and 
hyperbolic  (on  the  baseline)  lane  widths  are  provided. 

A  third  approach  is  to  use  Omega  frequency  differencing  to  determine  the  lane  count.  One  of  the 
reason  that  Omega  transmits  at  multiple  frequencies  is  to  support  lane  determination.  Looking  at  the 
Omega  navigation  frequencies,  it  is  important  to  observe  that  there  is  an  integer  relationship  between 
these  frequencies.  For  example,  10.2:13.6  isaratioof  3:4.  This  means  that  the  total  width  of  three  lanes 
at  10.2  kHz  is  exactly  the  same  as  the  total  width  of  four  lanes  at  13.6  kHz,  a  total  of  about  48  nm.  A 
wavelength  of  48  nm  comesporids  to  a  frequency  of  3.4  kHz  which  is  equal  to  the  difference  between 
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13.6  kHz  and  10.2  kHz.  Differencing  the  10.2  kHz  and  the  11 V3  kHz  frequencies  results  in  an  equivalent 
lane  width  of  144  nm.  The  equivalent  lane  widths  for  selected  difference  frequencies  arc  listed  in 
Table  4.3-1.  The  lane  widths  and  lane  count  are  also  illustrated  in  Fig.  4.3-5. 

Table  4.3-1  Lane  Width  of  Common  Frequencies 
and  Selected  Difference  Frequencies 
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Figure  4.3-5  Lane  Width  as  a  Function  of  Omega  Frequency 
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The  receiver  can  easily  synthesize  the  difference  frequency  usin^;  the  primary  frequencies. 
Given  that  a  fix  can  be  generated  using  the  difference  frequency,  it  is  only  necessary  to  know  the  approxi¬ 
mate  position  of  the  craft  with  an  accuracy  of  at  least  that  corresponding  to  the  larger  width  of  the  differ¬ 
ence  frequency  lane.  Generally,  the  maximum  allowable  eiror  is  defined  to  be  half  of  the  lane  width  to 
allow  for  the  fact  that  the  error  could  be  positive  or  negative.  The  difference  frequency  fix  is  usually 
accurate  enough  to  determine  the  primary  frequency  lone.  Thcj)rimary  frequency  is  then  used  to  deter¬ 
mine  the  position  of  the  craft. 

In  the  hyperbolic,  or  phase  difference,  mode  of  operation  the  width  of  all  lanes  on  the  baseline  is 
exactly  one  half  of  the  lane  width  in  the  rho-rho  mode  (Table  4.3- 1  and  Fig,  4.3-5)  This  means  that  the 
lane  width  at  1 0.2  kHz  is  8  nm  and  the  3.4  kHz  difference  frequency  lane  width  is  24  nm.  Using  the  !  1 .0,5 
kHz  signal  with  the  1 1 V3  kHz  signal  yields  a  difference  frequency  with  a  hyperbolic  lane  width  of  28B 
nm  on  the  baseline.  Apart  from  error  considerations,  this  is  generally  sufficient  to  resolve  the  lane  ambi¬ 
guity  in  most  operational  situations. 

The  hyperbolic  lanes  arc  illustrated  In  Fig.  4.3-6.  Each  lane  is  defined  by  the  contours  of  zero 
phase  difference.  The  difference  between  two  measured  phase  relationships  defines  an  LOP  within  each 
and  every  lane  established  by  the  zero-phase  contours.  Again,  since  the  l,OPcan  lie  within  any  lane,  lane 
identification  is  extremely  important.  Note  that  unlike  the  direct  ranging  mode  of  operation,  the  width  of 
the  hyperbolic  lanes  is  not  constant.  On  the  baseline  the  lane  width  is  A/2  where  A  is  the  signal  wave¬ 
length.  However,  the  lane  width  widens  with  increased  di, stance  from  the  baseline, 

G  i;4if 


Figure  4.3-fi  Hyperbolic  Mode  Lancs 
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In  this  section,  v/c  have  tackled  the  important  relationships  between  phase  and  distance,  Also, 
th !  concept  of  Omega  lanes  has  been  identified  along  with  various  ways  to  determine  the  correct  lane. 
Tnis  is  important  because  Omega  phase  measurements  only  indicate  craft  position  within  a  lane.  If  you 
arc  unsure  of  any  of  the  fundamental  concepts  presented  thus  fur,  review  this  section  before  continuing. 
The  next  section  expands  upon  these  concepts  and  the  basics  given  in  Section  4,2  to  address  more  details 
of  position  fixing  and  navigation  with  Omega. 


4.4  OMEGA  NAVIGATION/POSITION  FIXING 

Dused  on  the  fuiujaincntals  presented  so  fur  in  this  chapter,  you  should  have  a  busic  understand¬ 
ing  of  how  Omega  signals  cun  be  used  to  infer  range  (or  change  in  range)  from  the  transmitter  to  the 
receiver.  What  isn't  clear  at  this  point  is  how  modern  microcomputer-based  equipment  implements  the 
navigation  solution  using  signal  phase  measurements,  This  section  "builds"  a  generic  navigation  algo- 
lithm  by  addressing  each  of  the  important  elements  that  must  be  accounted  for  in  a  practical  implementa¬ 
tion,  Knowledge  of  these  elements  is  fundamental  to  a  general  understanding  of  modern  methods  and 
navigation  equipment, 


4.4,1  Phwsc  MeaiuremenU 

Before  getting  into  the  process  of  position  fixing  and  navigation,  it  is  instructive  to  look  at  how 
the  phase  of  an  Omega  signal  is  actually  measured,  Most  modern  receivers  use  a  phase-locked  loop 
(I’LL)  to  achieve  botli  pliasc  trucking  and  filtering  of  the  received  signal.  A  PLL  (illustrated  in 
L'ig,  4,4-1)  has  a  voltage-controlled  oscillator  (VCO)  with  a  nominal  frequency  equal  to  the  received 
Omega  signal  (c.g.,  1 0,2  kl  I/,,  1 3,6  kl !/.)  and  a  phase  comparator  that  produces  a  contro)  signal  in  propor¬ 
tion  to  the  diflcrcncc  t'.ciwecn  the  pliasc  of  the  signal  and  the  VC.O  reference  signal  phase,  T  his  control 
signal  is  used  to  adjust  the  oscillator  such  that  there  is  a  nearly  consiiiiit  (average)  relationship  (O'*  or  yO'’, 
depending  on  the  type  ui  phase  detector)  between  the  reference  signol  and  the  signal.  Under  this  condi¬ 
tion,  the  I’LL  is  said  to  be  locked  to  the  Omega  signal  and  it  will  continue  to  track  the  nominal  signal 
phase  us  ilic  cruft  moves,  l  uriher,  between  Omega  signal  transmissions  the  I’LL  oscillator  will  continue 
to  piovidc  a  continuous  indiculion  of  the  phase. 


The  contimious  output  from  the  I’LL  Is  quite  useful  because  the  Omega  signal  is  not  continuous 
at  each  licqucncy,  As  is  sliowii  in  Chapter  3,  each  Omega  frequency  is  transmitted  for  only  0  9  to  1,2  see 
witli  a  0,2  see  silent  interval  between  each  segment,  Alsu,  all  eight  stations  transmit  at  a  different 
frequency  during  each  of  tlic  eight  segments,  'Ihis  means  that  the  same  frequency  is  never  simulta¬ 
neously  transmilied  by  two  stations  and  the  receiver  never  receives  a  given  frequeiicy  ftoiii  tuoie  tliaii 
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Figure  4.4-1  Typical  Phase-Locked  Loop  (PLL) 

one  station  at  a  time.  The  VCO  used  with  the  PLL  is  continuous  and  stable  enough  to  maintain  the 
frequency  and  phase  over  the  10-sec  period  of  the  Omega  signal  format.  Visualize  a  receiver  having  a 
PLL  for  each  frequency  from  each  station.  The  outputs  of  these  PLLs  now  provide  continuous  signals 
that  arc  phasc-synchronized  to  the  received  Omega  signals  every  10  sec  using  the  approximately  1-sec 
frequency  bursts  transmitted  by  each  station. 

With  relatively  clean  (phase-synchronized)  continuous  outputs  from  the  PLLs,  which  are  locked 
to  the  desired  station  signals,  determination  of  the  relative  phase  between  these  outputs  is  quite  easy.  A 
straightforward  way  to  measure  the  relative  phase  in  a  digital  computer  is  to  simply  use  a  counter  to 
measure  the  time  between  zero-crossings  for  two  signals  and  convert  this  count  to  the  equivalent  phase 
difference  for  hyperbolic,  If  a  very  stable  oscillator  or  clock  (e.g.,  cesium  standard)  is  available  to  the 
receiver,  then  the  phase  comparison  of  the  PLL  outputs  can  be  made  relative  to  this  reference  to  imple¬ 
ment  the  rho-rho  navigation  mode. 

4.4.2  Navigation  Coordinates 

Having  acquired  the  desired  phase  measurements,  it  is  necessary  to  convert  them  into  an  indica¬ 
tion  of  position  on  the  eai  th.  Note  that  airborne  applications  are  essentially  the  same  as  navigation  on  the 
surface  of  the  earth,  and  no  special  consideration  is  given  to  the  effect  of  altitude.  This  is  because  the 
nominal  altitude  is  generally  small  relative  to  the  radius  of  the  earth.  Also,  Omega  only  supports  two- 
dimension«il  position  fixing  since  the  signal  propagation  is  confined  to  an  essentially  two-dimensional 
earth-ionosphere  shell  —  altitude  must  be  determined  by  other  means.  This  contrasts  with  Navstar  GPS 
(see  Chapter  )3),  which  provides  a  full  three-dimensional  fix  capability. 
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The  process  of  converting  the  phase  measurements  into  position  is  actually  a  process  of  coordi¬ 
nate  conversion.  The  Omega  measurements  and  fixes  are  registered  in  station-centered  circular 
(or  hyperbolic)  coordinates;  the  location  of  a  craft  on  the  earth  is  desired  in  the  earth-fixed  angular  coor¬ 
dinates  of  latitude  and  longitude.  Although  this  involves  some  geometry,  the  concepts  are  not  difficult  to 
understand.  On  the  other  hand,  implementation  of  the  “exact”  equations  to  compute  latitude  and  longi¬ 
tude  in  a  computer  is  not  straightforward  since  the  equations  do  not  lend  themselves  to  a  simple  closed- 
form  solution.  Numerous  computational  techniques  have  been  devised  by  receiver  manufacturers  to 
implement  the  position  fixing  and  navigation  solutions;  most  of  the  details  of  these  solutions  are  closely 
held  by  this  receiver  manufacturers  and  are  usually  considered  to  be  proprietary.  The  goal  here  is  to 
generally  understand  the  process,  not  to  become  an  expert  on  the  details  of  coordinate  conversion. 
Therefore,  we  will  focus  is  on  fundamentals  rather  than  on  specific  techniques  and  actual  algorithms 
used  in  operational  equipment. 


Before  getting  into  the  mathematics  and  equations,  it  is  necessary  to  have  a  clear  picture  of  the 
navigation  geometry.  Thus  far  it  is  assumed  that  the  earth  is  flat.  A  flat-eaith  assumption  is  acceptable 
over  short  distances  (a  couple  of  hundred  miles)  but  not  over  the  distances  covered  by  Omega  signals. 
The  earth  is  generally  represented  by  an  ellipsoid  of  rotation  around  the  earth’s  spin  axis.  A  meridian 
section  of  the  earth  is  illustrated  in  Fig.  4.4-2.  This  reference  ellipsoid  is  a  sphere  that  is  flattened  some¬ 
what  at  the  poles  and  bulges  out  at  the  equator.  The  radius  of  the  earth  at  the  equator  is  taken  to  be 
3443.92  nm  and  the  polar  radius  is  about  11.5  nm  less  than  the  equatorial  radius.  This  flattening  (/)  is 
generally  expressed  as  the  difference  between  the  equatorial  and  polar  radii  divided  by  the  equatorial 
radius,  with  a  numerical  value  of  1/298.2.  Although  the  flattening  is  relatively  small  (about  0.34%  of  the 
equatorial  radius),  accurate  navigation  calculations  involving  long  distances  (e.g.,  transmitter-to- 
receiver)  on  the  surface  of  the  earth  make  it  necessary  to  account  for  the  flattening  effect. 


The  geoid  is  a  mean  sea-level  approximation  to  the  shape  of  the  earth.  However,  the  shape  of  the  is 
not  easily  defined  in  a  mathematical  sense  and  is  therefore  not  convenient  for  navigation  calculations.  For 
navigation  with  most  radionavigation  systems,  position  is  reported  with  respect  to  the  reference  ellipsoid, 
which  is  an  agreed-upon  approximation  to  the  geoid.  Omega  transmitting  station  coordinates  are  given  in 
the  World  Geodetic  System  V.^orld  Geodetic  System  1984  (WGS  -84).  Note,  however,  that  WGS-84  is  not 
the  only  datum  used  for  navigation,  charts,  and  maps.  Ollier  commonly  used  datums  include  WGS-72  and 
the  North  American  Datum  1927  (NAD-27).  The  relative  offset  (or  error)  between  these  systems  is  on  the 
order  of  10  to  20  m.  This  error  is  small  compared  to  the  advertised  Omega  accuracy  of  2  to  4  nm..  The 
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Figure  4.4-2  Meridian  Section  of  Earth  Showing  the  Reference  Ellipsoid 

geodetic  spherical  coordinates  are  the  spherical  coordinates  of  the  normal  to  the  reference  ellipsoid. 
Geodetic  coordinates  are  commonly  used  on  maps  and  in  the  mechanization  of  dead  reckoning  system, 
Additional  details  on  navigation  coordinate  systems  are  contained  in  Ref.  1 . 

The  basic  coordinate  frame  for  earth  navigation  Longitude  is  shown  in  Fig.  4.4-3.  A  point  on  the 
earth  is  generally  represented  in  geodetic  spherical  coordinates,  Longitude  which  are  the  spherical  coor¬ 
dinates  of  the  normal  (vector)  to  the  reference  ellipsoid.  Longitude  (A)  is  an  angle  measured  from  the 
Greenwich  Meridian  and  is  positive  in  the  easterly  direction;  L  is  the  latitude  angle  of  the  normal  to  the 
reference  ellipsoid  measured  from  the  plane  of  the  equator  and  is  positive  in  the  northerly  direction. 
When  traveling  due  north  from  the  equator  to  the  North  Pole  at  a  fixed  longitude,  latitude  increases  from 
0°  to  90°;  in  the  southern  hemisphere  the  sign  changes  and  the  south  pole  has  a  latitude  of -90®.  Moving 
in  the  easterly  direction  causes  longitude  to  increase  from  0°  at  the  Greenwich  Meridian  to  a  full  360°  as 
you  travel  around  the  earth  and  back  to  the  starting  point.  Generally,  East  Longitude  is  defined  from  0  to 
1 80°  and  West  Longitude  is  generally  represented  as  a  negative  number  from  0  to  -180°  (of  course,  1 80° 
and  -180°  are  exactly  the  same  meridian). 
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Figure  4.4-3  Navigation  Coordinate  Frame  (Ref.  1) 


4.4.3  Range  Determination 

Geodetic  distance,  d,  between  two  points  on  the  spherical  earth  con  be  computed  with  an  accuracy 
of  about  10  m  or  better,  using  the  Andoyer-Lambert  formula  given  in  Table  4.4- 1 ,  The  latitude  and  longi¬ 
tude  of  each  Omega  transmitting  antenna  is  known  from  surveys,  Given  the  range  measurements 
(or  range-difference  measurements)  inferred  from  Omega  phase  measurements,  the  problem  at  hand  is  to 
find  a  way  to  solve  for  the  latitude  and  longitude  of  the  receiving  antenna  using  the  relationship  between 
range  and  position  given  by  the  nonlinear  equation  (Table  4.4- 1 )  foi  distance,  d.  As  can  be  seen,  this  is  a 
coordinate  conversion  problem  because  we  must  convert  the  indicated  position  in  range  measurement 
coordinates  into  the  latitude/longitude  geodetic  earth  coordinates,  Solving  directly  for  L  m6A  in  terms 
of  d  is  not  a  viable  approach,  Therefore,  we  need  to  explore  other  ways  of  computing  position  on  the  earth 
given  multiple  measurements  of  d  from  multiple  known  sites  (transmitters). 
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Table  4.4-1  Andoyer-Lambert  Formula 


rhe  gi'-udelic  distance,  d,  according  to  Andoyer-Lambert  can  be  calculated  vviih  an  accuracy 
of  approximately  10  m  using  the  following  equations: 

</  =  +  e.irad) 

where 

cos  di  =  [sin(L,)  sin(L,)  +  cos(L,)  cos(L,)  cos(dr  —  /I,)] 

L,  =  reduced  latitude  of  receiver 

L,  =  reduced  latitude  of  transmitter 
A,  =  longitude  of  receiver 

A,  =  longitude  of  transmitter 

Reduced  latitude  =  tan  *  [(!“/)  tanL] 

L  =  geodetic  latitude  of  receiver  or  transmitter 

f  I  fsin(r/|)  -  r/i](sin(L|)  +  sin(L,))^  _  (sin(rf|)  -f  tfi][sin(Li)  -  sin(L,)]»  1 

“  4  I  1  +  cos(di)  1  -  cos(di)  J 

/  =  1/298,2 


One  way  to  solve  for  geodetic  position  would  be  to  start  with  an  initial  “best  guess”  of  craft  lati¬ 
tude  and  longitude,  enter  this  best  guess  into  the  equation  for  d  in  Table  4.4-1  to  calculate  the  associated 
range  to  each  transmitter,  and  compare  these  calculated  ranges  with  the  Omega-based  range  measure¬ 
ments,  If  the  guess  is  correct,  the  measured  and  computed  ranges  will  be  equal.  If  the  guess  is  not  correct, 
a  new  guess  can  be  used  with  the  goal  of  converging  on  the  indicated  position  of  the  Omega  receiver 
antenna,  It  is  obvious  that  this  process  is  quite  tedious;  even  with  a  computer,  it  is  not  obvious  how  to  pick 
the  latitude  and  longitude  values  which  will  converge  to  the  observed  set  of  range  measurements.  Simply 
trying  random  numbers  has  no  guarantee  of  convergence!  Clearly,  this  is  not  a  very  practical  approach 
and  a  better  algorithm  is  required  which  can  be  implemented  in  a  computer.  N ote  that  the  result  is  referred 
to  as  the  indicated  position  and  not  the  true  position .  There  are  always  errors  associated  with  the  measure¬ 
ments  and  the  processing;  the  indicated  position  is  defined  as  the  true  position  plus  the  error.  If  there  are 
no  errors,  then  the  indicated  position  is  equal  to  the  true  position. 

4.4.4  Linearizing  the  Process 

The  position  determination  process  can  be  simplified  and  will  lend  itself  to  automation  in  a  com¬ 
puter  if  we  can  find  a  linear  relationship,  or  approximation,  between  the  measured  range  and  the  position 


(latitude  and  longitude)  of  the  craft.  A  first-order  series  expansion  of  the  range  equation  will  provide  a 
linear  relationship  between  a  small  change  (designated  by  A)  in  position  and  the  associated  change  in  the 
range  to  the  transmitter.  The  desired  linearized  relationships  between  AJ,  AL,  and  A/1  at  a  tangent  point 
on  the  earth  {L„Ar)  are  obtained  by  taking  the  partial  derivative  of  d]  (Table  4.4- 1 )  with  respect  to  Lr  and 
toAf.' 

3//,-  _  -  cos(Lr)  sin(L,)  +  sin(Lr)  cos{L,)  cos(/lr  —Aj)  ,a  a  os 

dLr  sin(d,.) 

ddi  _  COS(Lr)  COS(L,)  sin(/lr 

Mr "  sinidi)  (4.4-2) 

The  partial  derivatives  given  by  Eqs.  4.4-1  and  4.4-2  are  relatively  simple  linear  relationships 
that  can  be  evaluated  numerically  by  substituting  the  latitude  and  longitude  of  the  tangent  point  and  the 
known  transmitting  station  coordinates.  These  partials  are  generally  quite  accurate  within  about  200  nm 
of  the  tangent  point.  Therefore  it  is  not  necessary  to  know  the  exact  position  of  the  craft  to  compute  the 
partials. 

The  location  of  the  approximate  latitude  and  longitude  of  the  craft,  if  known  (possibly  the  last 
computed  position  or  a  known  reference),  can  be  used  for  the  tangent  point.  The  measured  range,  as  pre¬ 
viously  noted,  can  be  derived  from  the  cumulative  phase  by  dividing  by  the  familiar  wave  number,  k. 
(Notice  that  k  will  have  a  numerical  value  that  depends  on  the  frequency  and  the  desired  units  of  range  and 
phase.)  Now  d-  and  the  partial  derivatives  can  be  evaluated  for  transmitter  i.  The  computed  range  (</,  )  can 
be  differenced  with  the  measured  range  from  transmitter  /=1  to  form  Ady: 

Adi  =  (4.4-3) 

The  offset  in  the  current  position  of  the  craft  (indicated  by  the  range  measurement)  relative  to  the 
assumed  tangent  point  is: 

AL.  =  m/A 

(4.4-4) 

A^,  =  Arf./^ 

The  corrected,  or  updated,  craft  latitude  and  longitude  provided  by  the  range  measurement  from  trans¬ 
mitter  is  obtained  by  adding  AL\  and  AA  \  to  U-  and/1^,  respectively. 

*Note  that  for  purpose  of  linearization,  the  error  associated  with  ignoring  e,-  in  the  partial  derivative 
is  negligible. 
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Although  linearization  provides  a  convenient  and  computationally  attractive  way  to  relate  craft 
position  to  the  measured  range,  recall  that  a  single  mej^surement  of  range  only  defines  one  of  the  desired 
LOPs.  As  shown  in  Section  4.2,  range  measurements  from  multiple  transmitters  must  be  processed  to 
unambiguously  determine  the  location  of  the  craft.  The  objective  is  to  solve  for  a  single  latitude  and 
longitude  that  represents  the  best  estimate  of  the  true  position  (intersection  of  the  LOPs)  given  the  avail¬ 
able  measurements.  Processing  a  second  range  measurement  to  determine  a  second  LOP  offset  (Ai2) 
will  yield  a  second  set  of  latitude  and  longitude  offsets  which  may  or  may  not  match  the  position  offsets 
given  by  Eq.  4.3-3  due  to  measurement  errors  and  the  linearization  errors  associated  with  the  partial  de- 
viatives.  Now  it  is  necessary  to  combine  the  two  sets  of  numbers  to  identify  the  best  estimate  of  current 
craft  position  based  on  the  available  range  measurements.  In  addition  to  accounting  for  the  geometry  of 
each  measurement,  it  is  also  desirable  to  be  able  to  account  for  phase  measurement  enors  due  to  noise 
and  unmodeled  propagation  effects,  i.e.,  errors  in  the  PPCs.  Clearly,  we  need  a  computational  algorithm 
to  satisfy  these  requirements.  The  next  section  introduces  the  least-squares  algorithm,  which  is  the  most 
commonly  used  solution  to  this  problem.  The  least-squares  algorithm  is  then  applied  in  Section  4.4.6. 

i: 

4.4.S  Least'Squares  Algorithm  Definition 

Here  is  where  the  process  of  position  estimation  is  introduced.  Most  modem  receivers  use  a 
least-squares  algorithm  or  a  Kalman  filter  to  estimate  position.  We  will  not  present  the  details  of  deriv¬ 
ing  these  algorithms  here  since  the  development  and  application  of  these  algorithms  is  treated  in  Ref.  2 
and  Appendix  D.  Although  the  mathematics  may  appear  formidable  at  first  encounter,  the  concepts  are 
really  quite  simple.  A  nice  feature  of  these  algorithms  is  their  vector-matrix  structure  that  allows  any 
number  of  independent  measurements  to  be  included  in  the  navigation  solution.  It  is  quite  easy  to  incor¬ 
porate  phase  measurements  derived  from  more  than  one  frequency  from  any  or  all  of  the  transmitters.  It 
is  also  rather  straightforward  to  include  measurements  (i.e.,  the  change  in  phase  from  a  reference  posi¬ 
tion)  from  the  Navy  VLF  communications  system  to  supplement  Omega  in  areas  of  poor  signal  cover¬ 
age.  The  least-squares  algorithm  involves  using  a  set  (or  vector.  Ref.  2)  of  measurements,  z,  which  are 
linearly  related  to  the  unknown  quantities  (state  vector,  Ref.  2),  x,  by  the  expression 

z  =  Hx  -h  V  (4.4-5) 

where  H  is  the  nie  .■  .urement  matrix  and  visa  vector  of  additive  measurement  noise  —  this  is  the  general 
formulation  of  the  elationship  between  the  measurement  and  the  state  vector.  The  goal  is  to  compute  an 
estimate  of  ''r  of  unknown  quantities,  denoted  by  x ,  that  minimizes  the  sum  of  the  squares  of  the 

elements  ,  ,  surement  error,  i.e,,  the  cost  function 

j  =  v^v  =  (z  —  Hx)^  (z  —  Hx) 
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where  the  superscript  T  denotes  the  matrix  transpose.  The  least-squares  estimate  is  obtained  (from 
Ref.  2)  as 

X  =  (4.4-6) 

where-1  denotes  the  matrix  inverse.  Note  that  the  least-squares  estimate  of  at  is  simply  a  linear  scaling  of 
the  measurement  vector,  z. 

Alternatively,  a  weighted  least-squares  estimate  can  be  employed  that  allows  non-uniform 
weighting  of  the  measurements  (e.g.,  in  accord  with  the  associated  phase  measurement  noise)  by  mini¬ 
mizing  the  weighted  cost  function 

y  =  (z  -  HxfW[z  -  Hx) 


to  obtain  the  least-squares  estimate 

X  =  (H'^WH)-^H'^W  z  (4.4-7) 

Note  that  the  weighted  least-squares  algorithm  reduces  to  the  least-squares  algorithm  when  the  weight¬ 
ing  matrix,  W,  is  the  identity  matrix  (unity  diagonal  elements,  zero  off-diagonal  elements). 

The  ability  to  weight  the  measurements  from  multiple  stations  allows  the  algorithm  to  place  a 
lower  dependence  on  questionable  or  noisy  phase  measurements;  this  de-emphasizes  the  contribution  of 
the  erroneous  phase  measurements  to  the  position  fix.  Further,  the  weighting  matrix  can  be  used  to 
account  for  noise  that  may  be  common  (correlated)  between  two  or  more  phase  measurements.  For 
example,  if  phase  differences  are  used,  there  is  a  common  element  of  phase  measurement  noise 
associated  with  the  common  phase  measurement  in  each  of  the  phase  differences.  Measurement  noise 
weighting  can  be  implemented  by  defining  W  to  be  the  inverse  of  the  phase  measurement  noise  covarian¬ 
ce  matrix  (R)  defined  as 

R  = 

where  E()  denotes  expectation.  If  the  measurement  vector  noise  elements  are  independent,  then  the 
diagonal  elements  of  R  are  simply  the  variance  of  the  noise  associated  with  each  measurement  and  the 
off-diagonal  terms  of  R  are  zero. 
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If  desired,  a  relative  indication  of  the  measurement  noise  statistics  (variance)  can  be  obtained 
from  the  PLL  (Section  4.3. 1)  and  used  to  automatically  weight  the  phase  measurement.  Note  that  the 
phase  measurement  noise  level  is  not  the  same  as  the  atmospheric  noise  at  the  antenna.  Phase  measure¬ 
ment  noise  is  the  residual  phase  j  itter  in  the  processed  output  of  the  PLL  and  tends  to  vary  as  a  function  of 
the  inverse  of  the  signal-to-noise  ratio.  Note  that  it  is  not  required  to  use  the  inverse  of  R  for  W.  It  is 
possible  to  use  W  to  weight  measurements  for  other  reasons,  such  as  a  signal  that  is  suspected  of  being,  or 
becoming,  modal  (see  Chapter  5). 

It  may  not  be  obvious,  but  we  have  identified  the  necessary  pieces  of  the  puzzle.  It  is  simply  a 
matter  of  defining  the  vector  quantities  and  the  elements  of  the  least-squares  algorithm  matrices  in  terms 
of  the  previously  defined  scalar  equations.  Numerous  techniques  have  been  developed  (Ref.  2)  for 
implementing  the  least-squares  algorithm  in  software,  and  they  will  not  be  addressed  here.  It  is  more 
imponant  to  understand  how  to  define  the  elements  of  the  matrices  and  to  understand  the  relationship 
between  the  mathematics  and  the  graphical  interpretation  of  the  fix  process. 


4.4.6  Least-Squares  Fix  Algorithm  Implementation 

Let  us  first  look  at  the  general  direct  ranging  scheme  where  it  is  assumed  that  multiple  range  mea¬ 
surements  are  available  from  two  or  more  transmitting  stations.  To  implement  this  direct  ranging 
scheme,  the  phase  measurements  are  made  relative  to  a  common  oscillator  or  local  clock.  This  is  gener¬ 
ally  a  crystal  oscillator,  which  does  not  have  the  long-term  stability  of  the  cesium  (or  rubidium)  clock 
used  in  the  rho-rho  mode  of  operation.  Although  the  crystal  oscillator  exhibits  a  phase  drift  (due  to  a 
frequency  offset  relative  to  the  signal  frequency),  which  is  much  larger  than  a  cesium  standard,  the  drift 
rate  (frequency  offset)  is  relatively  constant  over  the  Omega  measurement  period.  This  being  the  case, 
the  navigation  algorithm  can  be  formulated  to  account  for  this  clock  drift  and  actually  produce  an  esti¬ 
mate  of  the  clock  frequency  error.  This  estimate  is  then  used  to  correct  the  common  clock  error  in  each  of 
the  phase  measurements. 

For  navigation  with  Omega,  the  three  unknown  quantities  of  interest  are  clock  frequency  error, 
latitude  offset,  and  longitude  offset.  The  position  offset  to  be  determined  is  the  difference  between  the 
previous  position  and  the  new  (i.e.,  current)  position.  It  is  assumed  that  the  correct  lane  count  is  known 
and  other  techniques  have  been  used  to  synchronize  the  measurements.  Therefore,  the  least-squares 
solution  is  to  be  used  to  determine  the  change  in  position  associated  with  the  change  in  the  measured 
phase  as  formatted  in  Section  4.4.4,  A  minimum  of  three  range  measurements  are  required  to  estimate 
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the  three  unknown  quantities.  In  the  case  of  rho-rho  navigation  with  a  cesium  clock,  clock  diift  is 
assumed  to  be  negligible;  it  is  not  included  as  a  state  and  is  not  estimated  by  the  algorithm.  Therefore, 
only  two  range  measurements  are  required. 


First,  let  us  define  the  mea.surement  vector,  z,  which  is  needed  to  compute  a  navigation  offset  in 
terms  of  the  available  range  (derived  from  phase)  measurements.  Three  measurements  are  assumed  but 
the  dimensionality  can  be  easily  increased  to  accommodate  additional  measurements: 


(4.4-8) 


I 

where  Ar/,  is  the  measured  offset,  or  change,  in  the  range  associated  with  transmitter  /'  (cf.  Eq.  4.4-3). 


The  frequency  offset,  Aey^.,  of  the  clock  is  assumed  to  be  constant  (bias)  between  Omega  mea- 
surement.s  that  occur  every  t  sec.  Notice  that  if  Aru<-  is  known,  it  can  be  multiplied  by  r  to  determine  the 
phase  error  associated  with  this  constant  frequency  offset  during  the  time  period  t.  For  the  moment, 
assume  that  there  is  no  bias  phase  error  associated  with  the  measurements  and  the  measurement  noise,  v, 
is  negligible. 


The  goal  is  to  define  a  state  vector,  x,  with  states  that  can  be  related  to  the  measurements  and  can 
be  estimated  with  the  Icast-.squarcs  algorithm  to  update  the  indicated  location  of  the  receiver: 


X 


txL 

txA 

t^)c 


(4.4-9) 


Estimates  of  the  two  position  states  (AL,  A/1)  will  provide  the  desired  corrections  to  be  applied  to  the 
tangent  position  (hr  and/lr).  An  estimate  of  the  reference  frequency  offset  (AtOf)  can  be  used  to  correct 
for  the  associated  cln^k-induccd  phase  error  in  the  measurements.  The  //-matrix  is  simply  the  partial 
derivatives  (pariials;  ,  ..acb  of  the  station  range  (pha.se)  measurements  to  be  included  in  the  navigation 
solution,  These  partial  derivatives  arc  obtained  by  evaluating  Eqs.  4.3-1  and  4,3-2,  using  the  known 
locations  of'  the  transmitting  stations  and  the  assumed  location  of  the  receiver,  Lr  and/l^ 
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U sing  the  notation  that  the  subscript  “i”  identifies  L.  .i  associated  with  station  i,  the  corre¬ 

sponding  H  for  three  stations  is 


at/| 

ad, 

dAr 

adj 

dLr 

a/lr 

dd^ 

ad, 

Wr 

dAr 

(4.4-10) 


Note  that  the  known  time  between  measurements  (t,)  for  each  measurement  is  included  in  the  third  col¬ 
umn  of  H.  Equations  4.4-  8  and  4.4-10  can  now  be  used  in  Eq.  4.4-6  (or  Eq.  4.4-7)  to  estimate  the  state 
vector.  Notice  that  this  is  the  “best  estimate”  of  the  position  offset  and  the  clock  frequency  offset,  given 
the  available  measurements.  These  estimates  can  be  used  to  correct  the  indicated  position  in  an  iterative 
scheme,  as  shown  in  Section  4.4.7, 

Implementation  of  the  hyperbolic  mode  solution  is  also  quite  easy  with  the  least-squares  algo¬ 
rithm.  Because  the  clock  error  can  be  ignored,  (cf.  Section  4.2.4)  the  state  vector  becomes 

^  =  [ii]  (4.4-11) 


and  the  measurement  vector  can  be  formulated  as  follows: 


It  is  quite  easy  to  see  that  H  becomes 

/ fldi  _  dd2\ 

iai;  dTr) 

H  = 

at/ 1 

'dLr~Wrj 


(4.4-12) 


(4.4-13) 


Note  that  although  Station  1  is  used  as  the  common  station,  exactly  the  same  result  will  be  obtained  if 
either  of  the  other  two  stations  is  selected  as  the  common  station. 
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It  is  quite  easy  to  see  how  any  number  of  independent  measurements  can  be  included  in  the  fix 
calculation  by  simply  increasing  the  dimension  (number  of  rows)  of  the  measurement  vector  (and  H).  It 
is  important  that  the  measurements  are  independent  or  the  required  matrix  inverse  operation  in  the  least- 
squares  algorithm  will  be  ill-conditioned  and  it  will  not  be  possible  to  obtain  a  solution.  For  example, 
simply  entering  the  same  measurement  (from  a  single  transmitting  station  at  a  single  time)  in  each  of  the 
two  or  three  measurement  vector  elements  will  not  work.  Also,  the  matrix  inverse  becomes  ill- 
conditioned  in  cases  with  poor  fix  geometry,  corresponding  to  a  large  GDOP  (cf.  Section  4.2.3),  which 
is  related  to  the  lack  of  observability  associated  with  the  geometry. 

The  same  geometry  conditions  that  lead  to  LOP  crossing  angles  near  zero  degrees  also  cause 
pi  oblems  with  the  matrix  inverse  operation.  For  example,  if  two  transmitting  stations  lie  on  the  same 
great-circle  path  to  the  receiver,  the  geometry  associated  with  these  two  measurements  is  not  indepen¬ 
dent.  In  fact,  as  previously  noted,  this  is  the  baseline  or  baseline  extension  of  the  two  stations  and  it  is  not 
possible  to  compute  rho-rho  position  fix.  This  follows  from  the  matrix  inverse  definition; 

=  (adjA)/L4l 

where  lAI  is  the  determinant  of  the  square  matrix  A,  and  adjA  is  the  adjoint  (Ref.  2)  of  A.  If  lAI  equals  zero, 
then  the  inverse  of  A  does  not  exist.  This  means  that  no  row  or  column  of  A  can  be  a  linear  combination  of 
the  other  rows  or  columns.  Therefore,  it  is  only  necessary  to  examine  the  determinant  of  which  is 
the  quantity  that  must  be  inverted  in  the  least-squares  algorithm,  to  determine  if  there  is  sufficient 
observability  in  the  measurements  to  compute  a  position  fix.  Calculation  of  the  inverse  with  a  computer 
becomes  ill  conditioned  as  the  determinant  approaches  zero. 

4.4.7  Implementation 

It  is  instructive  at  this  point  to  integrate  all  of  the  individual  pieces  of  the  position  determination 
process  into  a  basic  representative  computer-based  implementation.  Again  it  must  be  recognized  that 
each  equipment  manufacturer  has  its  own  proprietary  approach  to  position  determination  and  navigation 
with  Omega.  Special  features  of  specific  equipment  such  as  waypoint  navigation,  external  aiding,  use  of 
VLF  signals,  integration  with  other  sensors,  etc.,  all  serve  to  dictate  specific  and  possibly  unique  realiza¬ 
tions  of  the  position  determination  process.  Also,  it  is  beyond  the  scope  of  the  text  to  address  many  practi¬ 
cal  issues  and  considerations  associated  with  an  operational  implementation  of  the  navigation 
algorithms.  The  following  discussion  is  directed  allying  together  the  fundamentals  presented  thus  far  in 
this  chapter  to  summarize  and  illustrate  the  overall  position  determination  process  in  the  form  of  a  repre¬ 
sentative  implementation. 
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A  generic  implementation  diagram  for  position  determination  with  Omega  is  presented  in 
Fig.  4,4-4,  This  diagram  supports  the  discussion  in  the  following  paragraphs.  All  processing  in  the  dia¬ 
gram  proceeds  from  left  to  right  and  then  loops  back  in  an  iterative  manner,  This  means  that  determina¬ 
tion  of  the  new,  or  current,  position  uses  vai  iables  (e.g.,  ^ppQ,  H,  that  are  ba,sed  on  the  previous 

known  or  computed  craft  position.  Each  of  the  inputs  and  variables  arc  related  to  the  important  issues 
and  considerations  presented  in  this  chapter. 


The  input  on  the  left  of  the  diagram  (^)  is  a  vector  of  phase  measurements  from  the  receiver 
phase  tracking  and  filtering  function  (e.g.,  as  discussed  in  Section  4.4.1)  The  vector  could  contain  any 
number  of  independent  measurements,  or  could  even  contain  phase  difference  measurements  if  they  arc 
appropriately  handled  by  H.  Note  that  <p  is  the  phase  within  the  current  lane,  not  the  cumulative  phase. 


The  phase  bias  correction  input  (^/,)  is  not  necessary  in  all  cases  but  is  included  to  support  the 
generic  configuration.  For  example,  if  an  external  cesium  reference  is  employed  to  implement  range- 
range  navigation,  this  bias  correction  could  be  used  to  correct  for  the  phase  offset  between  the  cesium 
reference  and  the  phase  of  the  signals  at  the  transmitting  stations.  Because  even  a  cesium  reference  has 
unacceptably  large  phase  drift  over  long  missions,  range-range  navigation  requires  some  type  of  periodic 
synchronization  to  estimate  this  phase  offset  (0^),  generally  not  at  the  station  but  at  some  known  geodetic 
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Figure  4.4-4  Position  Determination  Using  Omega  Phase 
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reference  point  or  by  using  arioihcr  position  determination  system.  The  accuracy  of  the  phase  bias  esti¬ 
mate  depends  on  the  accuracy  of  the  PPCs  at  the  reference  point;  it  should  be  obvious  that  the  associated 
c.stimatjun  errors  will  impact  subsequent  positioning  accuracy, 

The  next  step  is  to  correct  each  element  of  the  phase  measurement  vector  with  the  appropriate 
PPC  (Section  4,3,2),  denoted  08  0;,/,^.  inPig,  4,4-4,  There  appears  to  be  a  conflict  here  in  that  it  is  neces¬ 
sary  to  know  the  craft  position  in  order  to  determine  the  PPC.  This  Is  true,  but  in  practice  it  is  only  neces- 
saiy  to  know  the  approximate  location  of  the  receiver  to  determine  a  sufficiently  accurate  PPC  value. 
Therefore,  the  PPC  is  determined  (using  an  algorithm  or  table  look-up)  from  the  best  estimate  of  posi¬ 
tion,  usually  the  most  recent  update  of  the  navigation  solution,  which  is  identified  in  I'ig.  4,4-4  us  the 
Previous  Position  (Z^ /!/■). 


The  measurement  vector  must  be  corrected  for  the  frequency  offset  In  the  local  oscillator  of  the 
receiver,  This  can  be  accomplished  by  taking  the  available  frequency  offset  estimate  provided  by  the 
Jcast-squarcs  fix  algorithm  and  tnultiplying  this  frequency  offset  estimate  by  the  time,  t,  since  the  mea¬ 
surement  was  last  processed,  The  clock  phase  correction,  ,  Is  applied  to  the  measurement  vector; 
note  that  the  clock  frequency  error  is  cotmnon  to  all  elements  of  the  measurement  vector,  Also,  t  is 
shown  as  a  vector  so  that  the  uppiopriatc  value  cun  be  is  assigned  to  each  element  of  the  measurement 
vector,  The  result  is  a  corrected  phase  measurement  vector,  (p^.,  which  corresponds  to  the  "nominal 
phase"  within  a  lane,  us  discussed  in  Sections  4,3,1  and  4,3.3, 


Most  Omega  equipment  processes  the  change  in  phase  from  an  assumed  or  known  previous  locu¬ 
tion  ((>de(c.''mine  the  current  position,  Given  (he  previous posii ion  (IfnAr)  and  the  known  locations ol  lire 
siations  »n  estimate  of  the  (previous)  phase  can  be  compuicd  using  lire  Andoycr-Iaimbcrt  formu- 


lu  in  Table  4,4-1,  Differencing  the  corrected  phase  measurement  tpc  with  the  csiiinutc  provides  an 
iridiciilion  of  the  change  in  phase  since  the  last  nrcusiircmeni  was  processed,  If  this  change  iit  phase 
is  relatively  small,  then  the  subsequent  lincurixcd  processing  of  this  change  in  phase  by  the  least-squares 
algorithm  tuestimalc  the  change  in  position  (A/*,  A4)  is  generally  quite  accurate,  This  means  ihul  i\  U 
and  A,  (the  ".set  Previous  Po.sition" block  In  Pig.  4,4-4)  arc  set  equal  to /,itnd/l,  respectively,  and  a  new 

^  A 

value  for  0^,  is  conrputed,  tire  resulting  value  of  will  he  almost  zero,  In  other  words,  d*/,  will  be 
nearly  equal  to  the  corrected  measurement,  0,.,  Notice  that  this  is  an  iterative  scheme  and  additional 
ileraiioris  can  be  employed  if  Ap,  is  large  and  the  linear  ussumptions  do  not  hold,  Tlicrc  are  mimert'"s 
way.s  to  actually  implement  (he  cquaiions  in  a  computer  to  achieve  toiujuitalional  cHicicncy, 
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A 

The  previous  phase,  (p^,  is  computed  in  a  block  that  is  also  assumed  to  keep  track  of  the  lane 
count.  Again,  there  arc  a  number  of  realizations  of  this  process  (see  Section  4.3.3),  the  details  of  which 
are  beyond  the  scope  of  this  document.  It  is  sufficient  to  note  thai  <pc  can  be  used  to  keep  track  of  the  lane 
count,  and/or  the  computed  range  based  on  the  most  recent  position  information  can  be  used.  When  all 
else  fails,  the  frequency  differencing  scheme  discussed  in  Section  4,3.3  can  be  employed  to  determine 
the  lane  count. 

The  change  in  phase,  A<pc .  is  converted  into  a  vector  of  incremental  changes  in  range,  Ad,  by 
simply  dividing  by  the  wave  number,  k  (cf,  Eq.  4.3-3),  which  is  then  processed  with  a  weighted  least- 
squares  algorithm  (cf.  Sections  4.4.5  and  4.4.6)  to  determine  the  corresponding  change  in  latitude  and 
longitude  (position  increment),  along  with  updating  the  estimate  of  the  frequency  offset.  The  previous 
indication  of  position  is  updated  (or  corrected)  with  the  position  increments  to  produce  an  estimate  of  the 
current  position.  The  previous  position  is  then  set  equal  to  the  current  position  and  the  indicated  com¬ 
putations  arc  performed  to  ready  the  iterative  process  for  the  next  phase  measurement.  As  previously 
mentioned,  additional  loops  through  the  calculations  can  be  made  with  the  same  phase  measurement  if 
convergence  (i.e.,  A^>  *“  0)  is  not  achieved  in  one  pass.  Note  also  that  like  the  determination  of  <Pppc . 
compulation  of  the  measurement  matrix,  H,  uses  the  so-called  previous  position.  Again,  if  the  current 
and  previous  po.silions  arc  close,  the  computational  errors  due  to  algorithm  linearization  are  negligibly 
small  and  u  single  puss  through  the  position  calculations  is  sufficient. 

Notice  that  if  the  craft  position  is  known  at  some  initial  time  or  even  at  some  time  during  the 
mission,  this  position  {UhAo)  can  be  entered  a.s  the  current  vessel  position  {L,A)  and  used  to  determine 

A 

the  corresponding  value  of  0^, ,  The  resulting  value  of  A/p^  now  represents  the  phase  offset  between  the 
measurement  and  the  reference  position.  Conceptually,  if  this  offset  is  excessively  large,  it  could  be  sub¬ 
tracted  from  the  bias  correction  (0^)todrivc  A4>c  to  zero.  This  corrected  value  of  can  now  be  used  to 
correct  subsequent  phase  measurements.  In  any  event,  the  goal  of  the  entire  iterative  process  illustrated 
in  Fig.  4,3-3  is  to  drive  A/pc  to  zero.  Under  this  condition,  the  current  position  yields  a  prediefed  (pre¬ 
vious)  phase  that  is  equal  to  the  corrected  phase  measurement.  Again  it  must  be  recognized  that  this 
cxamf)lc  is  only  one  of  many  ways  that  a  practical  navigation  algorithm  for  Omega  may  be  implemented 
in  a  computer.  It  is,  however,  a  viable  mechanization  and  .serves  to  illustrate  the  computational  process. 
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4.5  HYBRID  METHODS 

The  airborne  digital  computer  has  made  multisensor  navigation  system  integration  common¬ 
place.  System  integration  is  motivated  by  the  fact  that  all  navigation  sensors  and  systems  have  inherent 
performance  and/or  operational  limitations.  Therefore,  the  goal  of  system  integration  is  to  exploit  the 
synergy  of  various  navigation  systems  and  sensors  to  maximize  overall  navigation  performance  and  to 
overcome  the  inherent  operational  limitations  of  individual  systems. 

As  a  stand-alone  navigation  system,  Omega  provides  an  advertised  worldwide  navigation  capa¬ 
bility,  24  hours  a  day  with  an  availability  in  excess  of  95%  for  most  users.  Using  the  best  available  PPCs, 
accuracy  is  on  the  order  of  2  to  4  nm  with  a  95%  probability.  This  level  of  system  performance  is  suffi¬ 
cient  to  support,  a  number  of  users,  however,  there  are  users  and  missions  with  navigation  requirements 
which  cannot  be  supported  by  Omega  as  a  stand-alone  system.  The  limiting  factor  may  be  operational 
requirements,  accuracy,  or  both.  In  some  cases  Omega  is  used  to  aid  another  system  and  in  other  cases 
Omega  is  aided  by  another  system  or  sensor.  It  is  worthwhile  to  look  at  some  typical  system  integration 
efforts  involving  Omega  since  they  are  an  important  part  of  achieving  an  overall  appreciation  for  the  use 
of  Omega  in  modern  navigation  applications. 

4.5.1  Omega  Integration  with  Inertiai  Navigation 

One  of  the  earlier  integrated  applications  of  Omega  was  to  aid  an  inertial  navigation  system 
(INS).  Inertial  navigation  systems  use  inertial  sensors  (accelerometers  and  gyros)  to  sense  the  motion  of 
a  craft  and  to  determine  position.  An  INS  is  a  rather  sophisticated  realization  of  a  dead-reckoning  system 
and  has  the  desirable  attribute  of  autonomous  operation  —  in  other  words,  it  does  not  require  external 
measurement  information  like  signals  from  a  transmitter.  The  INS  has  the  desirable  characteristic  of 
providing  continuous  indications  of  craft  position,  velocity  and  attitude.  Unfortunately,  the  INS  also  has 
the  undesirable  characteristic  of  unbounded  growth  in  the  navigation  errors  as  a  function  of  time.  This 
means  that  after  some  period  of  time,  the  navigation  error  will  become  excessively  large  and  the  INS 
outputs  are  no  longer  suitable  for  navigation  of  the  craft.  A  typical  airborne  INS  has  a  position  error 
growth  rate  of  0.5  to  1  nm/hr.  Therefore,  depending  on  the  duration  and  accuracy  requirements  of  the 
mission,  it  may  be  necessary  to  estimate  and  correct  the  INS  error  during  the  mission. 

For  applications  aboard  submarines  or  on  certain  aircraft,  the  self-contained  capability  of  the 
INS  is  ideal ;  however,  periodic  navigation  fixes  from  an  external  source  are  required  to  reset,  or  correct, 
the  errors  in  the  INS.  This  has  been  accomplished  on  both  aircraft  and  submarines  using  Omega  as  the 
external  position  fix  source.  One  significant  attribute  of  Omega  use  on  a  submarine  is  that  a  hyperbolic 
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fix  can  be  computed  with  a  submerged  antenna.  This  means  that  the  submarine  does  not  need  to  surface 
and  give  away  its  position  to  a  potentially  hostile  observer.  Further,  the  worldwide  coverage  of  Omega 
means  that  submarine  operating  regions  are  not  dictated  by  the  availability  of  the  external  fix.  The  rea¬ 
sons  for  using  Omega  to  aid  airborne  INS  applications  are  quite  similar.  Certain  military  aircraft  have  a 
requirement  to  operate  in  any  region  of  the  world  at  any  time  of  the  day.  It  would  not  be  prudent  to 
depend  strictly  on  Omega  because  there  are  regions  and  times  at  which  modal  interference  or  other  prop¬ 
agation  limitations  make  Omega  signals  unusable  (see  Chapters  5  and  6).  Also,  there  is  always  a  possi¬ 
bility  that  an  Omega  station  will  not  be  available  due  to  equipment  failure  or  even  due  to  potential 
political  and  military  hostilities.  Therefore,  continuous  navigation  information  is  obtained  from  the  INS 
and  periodic  aiding  of  the  INS  is  provided  by  Omega. 

The  heart  of  most  modem  multisensor  navigation  systems  is  the  Kalman  filter  (see  Appendix  D). 
The  Kalman  filter  can  be  considered  to  be  a  generalization  of  the  least-squares  algorithm  presented  in  the 
previous  section  —  under  the  appropriate  assumptions  and  constraints,  the  Kalman  filter  reduces  to  a 
least-squares  algorithm.  The  Kalman  filter  includes  dynamic  models  of  the  errors  associated  with  the 
navigation  system(s)  and  sensors.  Estimates  of  these  errors  and  the  associated  navigation  errors  are 
obtained  by  processing  the  outputs  of  the  navigation  systems.  These  error  estimates  are  then  used  to 
correct  the  indicated  output  of  the  navigation  system.  A  representative  block  diagram  for  the  integration 
of  Omega  with  an  INS  is  illustrated  in  Fig.  4.5-1 .  In  this  implementation.  Omega  is  the  external  position 
fix  source  which  is  periodically  used  as  a  reference  to  correct  the  INS.  Notice  that  the  position  outputs  of 
both  systems  are  differenced  to  forai  the  input  to  the  Kalman  filter.  This  difference,  or  divergence, 
between  the  two  outputs  contains  only  errors  associated  with  the  two  navigation  systems.  This  is 
because  the  indicated  position,  and  the  associated  rapidly  changing  dynamics,  is  common  to  both  .sys¬ 
tems  and  cancels  in  the  divergence.  This  simple  difference  operation  is  important  because  it  provides  the 
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Figure  4.5-1  Integrated  INS-Omega  Navigation  System 
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desired  observability  of  the  errors  which  typically  have  much  slower  (lower  frequency)  dynamics  than 
the  craft  position  information.  The  Kalman  filter  can  process  multiple  measurements  to  realize  the 
advantages  of  measurement  averaging  without  incurring  dynamic  errors  associated  with  the  changing 
position  of  the  craft. 

Although  this  example  uses  an  INS  as  the  primary  navigation  system,  this  common  architecture 
is  used  in  many  hybrid  navigation  systems.  Estimates  of  position  error  are  obtained  and  used  to  correct 
the  indicated  position  output  of  the  primary  navigation  system.  In  some  implementations,  Kalman  filter 
estimates  of  component  errors  are  used  to  correct  errors  within  the  navigation  system.  For  example, 
estimates  of  INS  gyro  errors  are  often  used  to  correct  the  gyro  errors  in  the  INS  computer.  Another  possi¬ 
bility  is  to  estimate  Omega  phase  or  clock  errors  and  feed  these  estimates  back  to  the  Omega  navigation 
receiver.  The  Kalman  filter  can  also  be  used  to  initialize  the  Omega  receiver  and  to  support  laning. 
These  are  all  very  specialized  applications  and  the  details  will  not  be  addressed  here. 

Notice  that  any  number  of  independent  navigation  systems  can  be  included  in  the  architecture 
illustrated  in  Fig.  4.5- 1 .  For  example,  Loran-C  and  NAVS  AT  could  be  included  in  this  architecture  by 
forming  the  associated  divergences  with  the  INS  output  and  entering  these  additional  divergences  as  in¬ 
puts  to  the  Kalman  filter,  Additional  error  states  may  be  required  in  the  filter,  but  the  resulting  estimates 
of  position  error  will  now  be  the  optimal  combination  of  information  from  all  of  the  available  indicators 
of  position.  The  Kalman  filter  automatically  exploits  the  synergy  associated  with  multiple  systems  to 
provide  the  best  single  indication  of  position  error;  this  is  because  the  Kalman  filter  contains  dynamic 
models  of  the  error  characteristics  associated  with  each  system.  Also,  if  one  of  the  systems  is  not  avail¬ 
able  due  to  a  failure  or  any  other  reason,  the  integrated  system  will  still  provide  an  indication  of  craft 
position  based  on  the  remaining  available  systems,  although  it  will  be  somewhat  degraded  in  accuracy. 


4.5.2  Differential  Omega 

Another  hybrid  system  is  Differential  Omega.  In  this  configuration,  an  Omega  reference  receiver 
is  located  at  a  surveyed  location.  Because  the  geodetic  location  of  the  receiver  is  known,  any  difference 
between  the  po.sition  indicated  by  Omega  and  the  known  survey  position  is  an  error  in  the  Omega- 
indicated  position,  Omega  errors  arc  both  temporal  and  spatial  in  character.  Temporal  eiTors  have  a  cor- 
rchition  time  which  is  on  tho  order  of  1 5  to  30  min  and  spatial  errors  have  a  typical  correlation  distance  on 
the  order  of 250  to  500  nm,  This  means  that  any  receiver  operating  in  the  vicinity  (less  than  the  correlation 
di.stancc)  of  the  reference  station  will  lend  to  see  the  same  spatial  errors  as  seen  by  the  reference.  The 
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correlation  time  provides  an  indication  of  the  time  period  over  which  the  error  will  not  change  signifi¬ 
cantly  and  the  correction  is  expected  to  be  valid.  This  dictates  the  minimum  update  rate  of  the  differential 
corrections. 

The  differential  system  broadcasts  the  errors  seen  at  the  reference  location  over  a  communica¬ 
tions  link.  These  errors  are  received  and  used  to  correct  the  indicated  position  of  the  roving  receiver. 
Although  the  corrections  could  be  applied  to  the  indicated  position,  the  preferred  approach  is  to  correct 
the  errors  at  the  phase  level  before  the  position  fix  is  formed.  This  is  because  the  position  fix  error 
depends  on  the  specific  stations  used  to  compute  the  fix  and  the  associated  implementation  of  the  fix 
algorithm.  Therefore,  if  the  phase  errors  associated  with  each  signal  are  determined  and  broadcast,  each 
user  can  take  maximum  advantage  of  the  corrected  phase  to  determine  position.  Referring  back  to 
Fig.  4.4-4,  the  differential  corrections  can  be  entered  as  the  Phase  Bias  Correction  vector,  0^. 

Operational  Differential  Omega  systems  currently  in  place  (1993)  are  tailored  primarily  to 
marine  users,  although  a  number  of  experimental  systems  have  been  tested.  The  correction  information 
is  normally  broadcast  using  a  20  Hz  modulation  of  low-frequency  (285  to  4 15  kHz)  radio  beacon  signals. 
Measured  position  accuracies  vary  from  about  0.3  nm  at  about  100  nm  from  the  reference  station  to 
about  1  nm  at  500  nm  from  the  reference  station,  95%  of  the  time  (Ref.  3).  As  of  1990, 30  differential 
systems  were  operational  throughout  the  world,  including  the  Atlantic  coasts  of  Europe  and  Africa,  the 
Mediterranean  Sea,  the  Caribbean,  eastern  Canada,  India,  and  Indonesia  (Ref.  4). 


4.5.3  NAVSAT-Omega  Integration 

Omega  has  been  integrated  with  NAVSAT  (TRANSIT  satellites).  This  was  one  of  the  earlier 
integrations  of  Omega  (Ref.  5)  with  another  radionavigation  system.  NAVSAT  is  a  satellite-based  navi¬ 
gation  system  with  a  positioning  accuracy  on  the  order  of  a  fraction  of  a  mile,  as  compared  to  the 
2  to  4  nm  accuracy  of  Omega, 

Because  of  the  polar  orbits  of  the  satellites,  a  fix  is  typically  available  only  every  2  to  5  hr.  Here  is 
an  example  of  a  system  with  much  higher  accuracy  than  Omega  but  which  may  not  support  certain 
operational  requirements  because  of  the  rather  long  interval  between  fixes.  Therefore,  NAVSAT  can  be 
used  to  peiiodically  estimate  the  error  in  Omega  and  the  corrected  Omega  can  be  used  between  NAVSAT 
fixes  to  provide  improved  navigation  accuracy. 
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If  the  system  is  being  used  on  a  slowly  moving  ship,  the  Omega  errors  will  not  build  up  too  rapidly 
and  there  will  be  a  net  improvement  in  position  accuracy  over  the  duration  of  the  mission.  In  effect, 
NAVS  AT  permits  the  observation  and  correction  of  the  Omega  propagation  errors  at  each  NAVS  AT  fix. 
Because  of  the  temporal  and  spatial  correlation  associated  with  Omega  errors,  the  corrections  are  valid  as 
simple  bias  corrections  between  NAVS  AT  fixes.  This  integration  can  be  accomplished  quite  easily  with  a 
Kalman  filter. 

It  should  be  obvious  at  this  point  that  there  are  numerous  advantages  in  performance  and  opera¬ 
tional  capability  afforded  by  system  integration  to  form  a  hybrid  navigation  system.  The  integrated  per¬ 
formance  has  the  potential  to  be  better  than  any  of  the  systems  operating  in  a  stand-alone  operational 
mode.  In  practice,  however,  the  accuracy  of  most  integrated  systems  tends  to  be  dictated  by  the  highest 
accuracy  source  of  position  information.  In  many  cases  the  operational  advantages  tend  to  outweigh  the 
accuracy  gains.  The  computational  capability,  high  speed  and  relatively  low  cost  of  modern  digital  com¬ 
puters  make  such  systems  both  practical  and  affordable. 

Entire  books  are  wiitten  on  the  subject  of  integration  and  hybrid  systems.  The  objective  here  has 
been  to  simply  present  the  basic  fundamentals  of  practical  integration  techniques  and  to  provide  some 
operational  system  examples. 


4.6  POSITION  ACCURACY 

Specifying  the  position  determination  accuracy  obtained  from  the  use  of  Omega  signals  is  quite 
complex  for  a  variety  of  reasons.  First,  it  must  be  kept  in  mind  that  Omega  is  a  worldwide  navigation 
system  so  that  accuracy  depends  on  ihe  region  of  operation  and  the  associated  geometry  to  the  stations, 
time  of  day,  available  stations/signals,  navigation  equipment,  external  aiding  (if  used),  integration  with 
other  equipment,  and  operational  procedures.  Position  error  data  at  fixed  sites  has  been  collected  and 
analyzed  (Ref.  6),  but  it  is  difficult  to  translate  this  information  to  specific  navigation  errors,  where  the 
space  and  time  dependence  of  position  errors  are  mixed  and  operational  procedures  are  highly  variable. 

Omega  position  error  can  be  traced  to  a  variety  of  sources,  including  station  synchronization  off¬ 
set,  receiver  dysfunction  (e.g.,  lane  slip/jump),  operator  mistakes  (e.g.,  initialization  coordinate  inser¬ 
tion  error),  and  temporal  anomalies  (e.g.,  a  PCD).  The  predominant  error  source,  however,  is  the 
propagation  correction  (or  PPC).  Recall  that  the  PPC  is  a  predicted  quantity  obtained  from  tables  or 
algorithms,  and  is  applied  to  the  measured  phase  to  transform  from  the  highly  complex,  “real-world” 
phase  variation  to  the  “nominal  phase”  which  varies  linearly  with  distance. 


4-43 


The  PPCs  are  obtained  from  a  semi-empirical  model/algorithm  (see  Chapter  9)  of  Omega  signal 
phase  behavior  which  is  calibrated  largely  from  phase  measurements  at  globally  distributed  fixed 
Omega  monitor  sites.  Analysis  of  these  measurements  can  thus  reveal  important  features  of  Omega 
phase  behavior  as  well  as  provide  insights  into  PPC  error.  A  basic  property  indicated  by  these  measure¬ 
ments  is  that,  at  a  fixed  location,  Omega  phase  (and  phase  error)  generally  exhibits  a  larger  variation  over 
24  consecutive  hours  than  over  a  year  at  a  given  hour.  Because  the  observed  phase  measurements  show 
little  systematic  change  over  a  month  or  half-month  at  a  fixed  hour,  the  average  observed  phase  over  15 
to  30  consecutive  days  is  a  robust  aggregate  measure  of  the  phase  for  a  given  hour  and  specific  month  (or 
half-month).  The  predicted  phase  (obtained  from  the  PPCs)  over  the  same  time  period  is  nearly  constant 
but  often  differs  significantly  from  the  average  observed  phase.  This  difference  is  referred  to  as  the  PPC 
bias  error,  which  varies  in  magnitude  from  0  to  30  cecs.  Also  occurring  in  this  15-  to  30-day  period  at  a 
fixed  hour  are  random  (non-sy  stematic)  day-to-day  variations  in  the  observed  phase  on  the  order  of  1  to  5 
cecs.  Since  these  random  variations  (which  are  due  to  ionospheric  fluctuations)  are  not  reflected  in  the 
PPCs,  they  make  up  the  random  component  of  PPC  error.  Measurements  also  indicate  that  the  random 
phase  error  due  to  ionospheric  fluctuations  is  usually  much  larger  than  the  phase  error  due  to  interfering 
noise  in  the  signal  processing  bandwidth  of  the  receiver  (Ref.  7,  Appendix  A)  which  is  typically  1  cec. 


When  processing  phase  measurements  to  determine  position,  the  bias  and  random  components 
of  phase  error  produce  corresponding  bias  and  random  components  of  position  error.  Transformation  of 
the  phase  error  to  position  error  depends  upon  the  individual  phase  errors  of  all  signals  processed  by  the 
fix  algorithm  and  the  geometrical  configuration  of  the  receiver  and  stations  corresponding  to  the 
received  signals.  Because  this  is  a  rather  complex  process,  simplifying  approximations  have  been 
adopted  by  the  user  community  to  enable  the  approximate  characterization  of  expected  Omega  accura¬ 
cy.  If  the  magnitude  of  the  random  phase  errors  is  assumed  to  be  the  same  for  all  signals  received  and  the 
bias  error  is  assumed  to  be  zero,  then  the  radial  position  error  standard  deviation  (Op)  can  be  obtained  by 
multiplying  the  phase  error  standard  deviation  (a^)  by  the  GDOP  figure  of  merit.  For  a  least-squares 
method  of  position  determination,  in  the  multiranging  mode,  the  following  dimensionless  form*  of 
GDOP  (Ref.  7,  Appendix  B)  is  obtained: 


GDOP  =  i 
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*Dimensionless  GDOP  =  )  where  A  =  signal  wavelength. 
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where  q  is  the  number  of  usable  signals  received  and/8,-  is  the  geographic  bearing  of  the  signal  path  to  the 
I*  station  (corresponding  to  the  i*  usable  signal).  The  GDOP  becomes  very  large  whenever  at  least  q-\ 
stations  have  bearings  which  are  nearly  equal.  Another  interesting  property  is  that  the  GDOP  for  q  sta¬ 
tion  signals  is  never  greater  than  the  GDOP  for  any  subset  ( a  3  stations)  of  q.  This  means  that,  for  least- 
squares  position  processing,  the  use  of  additional  (usable)  signals  does  not  degrade,  and  most  often 
improves,  the  resulting  position  accuracy.  It  is  important  to  remember  that  GDOP  is  only  a  figure  of 
merit  and  its  utility  for  predicting  position  error  given  phase  error  is  subject  to  the  stated  assumptions. 

It  is  instructive  to  look  at  the  position  errors  associated  with  actual  phase  measurements  for  dif¬ 
ferent  combinations  of  stations  to  illustrate  the  bias  and  random  position  errors,  hour-to-hour  variations 
in  the  position  accuracy  and  the  correlation  of  the  observed  error  with  the  computed  GDOP.  Figure  4.6- 1 
illu.strates  the  nortli/east  position  error  derived  from  PPC-corrected  phase  data  recorded  at  the  monitor 
site  in  Hawaii,  using  the  indicated  stations.  Each  plot  point  represents  the  mean  position  error  (using  a 
least-squares  algorithm)  at  a  given  hour  of  the  day,  based  on  an  average  of  data  recorded  over  15  days. 
The  indicated  mean  is  the  error  that  a  user  would  expect  to  encounter  at  a  given  hour  of  the  day  during  the 
first  1 5  days  of  January  at  the  Hawaii  monitor  site.  The  open-circle  plot  points  are  local-day  hours  and 
the  crosses  are  local-night  hours;  notice  the  shift  in  the  grouping  of  day/night  errors,  which  is  character¬ 
istic  of  Omega. 

The  lower  right  panel  of  Fig.  4.6-1  also  shows  the  standard  deviation  (radius  of  circle  around 
each  mean  value)  of  the  error  at  each  hour,  which  illustrates  the  expected  day-to-day  variation  of  the 
position  error  at  the  given  hour.  Notice  that  the  spread,  or  scatter,  of  the  hourly  mean  error  tends  to  be 
greater  for  station  combinations  with  a  larger  GDOP.  Also,  the  specific  errors  are  a  function  of  the  sta¬ 
tions  used  in  the  solution.  Figure  4.6- 1  is  repre.sentative  of  the  position  er'or  encountered  by  an  observer 
on  a  stationary  platform.  A  craft  moving  through  the  region  would  encounter  these  errors.  However,  as 
the  craft  moves  away  from  Hawaii,  the  fix  errors  will  change  due  to  the  spatial  variation  of  the  fix  geome¬ 
try  and  propagation  conditions.  Although  the  specific  errors  change  along  the  track  of  the  craft,  the 
(statistical)  characteristics  of  the  errors  will  be  similar  to  those  illustrated  in  Fig.  4.6-1. 

For  moving  vehicles  performing  navigation,  the  bias  position  error  can  be  effectively  removed 
by  initializing  at  a  known  location,  leaving  only  phase  error  due  to  noise  during  the  initial  segment  of  the 
mission  (30  minutes  to  one  hour).  However,  the  paths  from  the  stations  to  the  receiver  eventually  change 
(both  in  space  and  time)  enough  so  as  to  become  decorrelated  with  the  initialization  conditions  and  the 
initial  con-ection  no  longer  applies.  From  the  initialization  time  until  the  next  position  update,  the 
Omega  position  solution  is  subject  to  phase  bias  and  random  enors  and  the  associated  magnification  of 
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Figure  4.6-1  Position  Error  Using  Phase  Data  Recorded  During 
January  at  Hawaii  Monitor  Site  (10.2  kHz) 
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these  phase  errors  by  GDOP.  Omega-only  accuracies  have  been  reported  for  aircraft  (measured  when 
the  aircraft  comes  under  radar  control  at  the  termination  of  the  flight)  of  2.7  to  3.3  nm,  95%  of  the  time 
(Refs.  8  and  9). 

When  integrated  with  navigation  aids  other  than  true  air  speed  and  heading,  Omega  receivers 
exhibit  accuracy  figures  that  differ  considerably  from  those  obtained  in  a  stand-alone  mode.  In  the  usual 
case,  Omega  is  combined  with  a  sensor  having  an  intrinsically  higher  absolute  position  accuracy,  but 
providing  data  at  discrete  times.  As  a  continuous  navigation  aid,  Omega  data  provides  incremental  posi¬ 
tion  data  between  the  discrete  times.  In  these  cases,  the  accuracy  of  the  integrated  system  (averaged  over 
all  limes)  depends  on  the  length  of  the  intervals  between  the  discrete  times,  but  will  be  bounded  by  the 
unaided  Omega  accuracy  and  the  higher  accuracy  of  the  auxiliary  sensor. 
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4.7  PROBLEMS 


1 .  Given  the  indicated  geometry  with  two  transmitters,  (T  i  and  T2)  identify  the  receiver 
locations  (A-F)  that  will  provide: 

a.  The  best  position  accuracy 

b.  The  worst  position  accuracy 

Assume  a  range-range  position-fix  algorithm  and  assume  that  the  errors 
associated  with  range  measurements  unbiased,  random  and  uncorrelated  with  equal 
standard  deviations.  Base  your  decision  on  geometry'  (crossing  angle)  consideration 
and  give  your  rationale  for  each  selection. 

c.  Is  the  accuracy  at  E  expected  to  be  better  than  the  accuracy  at  B  and  why? 
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2.  a.  Using  the  geometry  and  definitions  shown  in  the  figure,  show  that  the  range- 
range  GDOP  is 

GDOP  =  ^ 

Sind 

under  the  conditions: 

GDOP  =  J 

Range  measurement  errors  e  i  and  £2  are  unbiased,  random 
and  uncorrelated 


X,  y  are  the  rectangular  coordinates  of  position. 


Recall  that  aj  =  Epp  -I-  ypj  where  E{  }  denotes  expected  value 

b.  Use  the  GDOP  formula  to  compute  the  GDOP  for  each  user  position  indicated  in 
Problem  1  and  compare  with  your  answers  in  Problem  1. 


y  (North) 
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3.  The  hyperbolic  GDOP  for  three  range  difference  measurements  with  random, 
unbiased  and  uncorrelated  errors  on  each  range  measurement  is: 

_  ^  _  1  /  1  1 _ cos(^3/2) 

GDOP  -  y2sin(03/2)  Y  sin2((9j/2)  s\n\dj2)  sin(0i/2)sin(02/2) 

where 

Oe  —  standard  deviation  of  the  measurement  error  associated  with  each  range 
Op  —  standard  deviation  of  radial  position  error 
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a.  Assume  that  you  are  a  navigator  at  point  A  and  you  want  to  navigate  to  point 
B  using  a  hyperbolic  navigation  system.  Which  of  the  two  station  geometries 
(a  or  b)  would  you  select  and  why? 

b.  What  is  the  GDOP  for  the  delta  station  geometry  in  (b)  assuming  that  the  station 
baselines  are  of  equal  length  and  you  are  located  equal  distance  from  each  sta¬ 
tion?  Is  this  the  minimum  GDOP  for  this  station  geometry?  What  is  the  GDOP 
if  you  are  located  on  the  midpoint  of  the  Ti  -  T2  baseline?  Confirm  that  a  hyper¬ 
bolic  fix  can  be  obtained  on  a  baseline. 

c.  Based  on  the  results  obtained  from  (b),  compaie  the  hyperbolic  GDOP  with  the 
range-range  GDOP.  Is  the  minimum  range-range  GDOP  smaller  or  larger  than 
the  minimum  hyperbolic  GDOP? 
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4,  Show  why  the  lane  width  of  Omega  in  the  hyi/crbolic  mode  on  the  baseline  is  only 
half  the  corresponding  lane  width  in  the  rho-rh  j  iuude,  What  ituppuns  tu  the  hyper¬ 
bolic  lane  width  at  all  operating  points  that  are  not  on  the  baseline, 

5,  Explain  why  Omega  can  be  used  aboard  a  submarine  to  <'ompute  a  hyperbolic  fix 
with  a  submerged  antenna  but  cannot  be  used  in  the  rho-rho  mode,  What  i,'-.  the 
approximate  wavelength  of  the  10,2  kHz  signal  in  the  water,  (Hint:  the  signal  attenu¬ 
ation  rate  at  10.2  kHz  in  seawater  is  approximately  1  dB/ft  and  the  signal  phase  shift 
is  approximately  2  cec/ft.  Due  to  refraction,  the  propagation  direction  is  nearly 
vertical.) 

6,  Use  the  matrix  formulation  of  the  least-square  position  fix  algorithm  to  show  that 
a  rho-rho  fix  cannot  be  detennined  a)  on  the  baseline  extension  or  b)  by  using  two 
measurements  from  the  same  station,  (Assume  that  the  local  clock  is  perfect,) 
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4.8  ABBREVIATIONS/ACRONYMS 

cec 

— 

Centicycles(s) 

dB 

— 

Decibe!(s) 

GDOP 

— 

Geometric  Dilution  of  Precision 

Hz 

— 

Hertz 

INS 

— 

Inertial  Navigation  System 

kHz 

— 

Kilohertz 

km 

— 

Kilometcr(s) 

kt 

— 

Knot(s) 

LF 

— 

Low  Frequency 

LOP 

— 

Line  of  Position 

m 

— 

meter 

min 

— 

Minute 

Mrn 

— 

Mcgamctcr(s) 

Navstar  GPS 

Navstar  (Satellite)  Global  Positioning  System 

nm 

— 

Nautical  mile 

PCD 

— 

Polar  Cap  Disturbance 

PLL 

— 

Phase-Locked  Loop 

PPC 

— 

Propagation  Correction 

RMS 

— 

Root  Mean  Squared 

SNR 

Signal-to-Noisc-Ratio 

VLF 

— 

Very  Low  Frequency 
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CHAPTERS 

OMEGA  SIGNAL  PROPAGATION  THEORY 


Chapter  Overview  —  The  signals  radiated  by  an  Omega  transmitter  reach  a  receiver  by 
traveling  (propagating)  through  the  earth-ionosphere  (El)  waveguide  formed  along  the 
great-circle  path  from  the  transmitter  to  the  receiver.  The  electromagnetic  properties  of  the 
waveguide  vary  along  the  signal  path.  Furthermore,  the  earth’s  magnetic  field  makes  the 
ionosphere  a  magnetized  plasma  which,  in  turn,  introduces  anisotropic  behavior  to  Omega 
signals.  This  chapter  presents  VLF  signal  propagation  concepts/mechanisms  relevant  to 
understanding  Omega  signal  propagation  characteristics.  Section  5.1  gives  an  overview 
of  the  VLF  propagation  environment  and  discusses  alternative  approaches  to  describe  and 
model  VLF  signal  propagation  behavior.  The  electromagnetic  properties  of  the  El 
waveguide  are  reviewed  in  Section  5.2.  Because  of  the  complex  nature  of  the  El 
waveguide,  Section  5.3  presents  waveguide  propagation  mechanisms  for  a  rudimentary 
model  of  the  El  waveguide.  This  includes  waveguide-mode  definition  and  development  of 
the  waveguide-mode  equation.  Section  5.4  applies  the  waveguide  propagation  mecha¬ 
nisms  to  an  idealized  El  waveguide  with  homogeneous  properties,  including  a  constant 
geomagnetic  field.  Section  5.5  describes  an  approach  to  approximate  the  real-world  El 
waveguide  as  a  concatenated  series  of  homogeneous  segments  and  presents  the  signal 
field  computation  expressions  for  the  real-world  waveguide.  some  readers  may  not  be 
familiar  with  the  fundamentals  of  basic  electromagnetic  theory  needed  to  understand  the 
subject  material,  three  appendices  to  the  chapter  (Sections  5.6  through  5.8),  containing 
these  principles,  may  be  consulted  as  needed.  In  particular.  Section  5.6  describes  the 
electromagnetic  field  units/dimensions  and  reviews  the  scalar/vector  field  representations 
and  mathematical  tools  used  to  describe  the  fields.  Section  5. 7  reviews  the  basic 
electromagnetic  principles  and  fundamentals  relevant  to  wave  propagation.  Section  5.8 
presents  the  equation  for  the  electromagnetic  field  excited  by  a  source  in  an  El  waveguide. 
Abbreviations  and  acronyms  are  defined  in  Section  5.9,  and  the  chapter  references  are 
identified  in  Section  5.10. 


5.1  INTRODUCTION 

This  chapter  presents  mode  theory  based  VLF  signal  propagation  concepts/mechanisms  rele¬ 
vant  to  understanding  Omega  signal  propagation  characteristics.  The  concepts/mechanisms  invOiVe 
scalar  and  vector  quantities.  In  this  chapter,  scalars  are  denoted  by  italic  Greek  or  italic  English  charac¬ 
ters  such  as  a,  9,  e,  or  E\  vectors  are  represented  by  bold  Greek  or  bold  English  characters,  such  as  H,  or  e; 
while  matrices  are  represented  as  upper-case  roman  English  characters,  such  as  R  Roman  English  let¬ 
ters  are  used  tor  multiple  character  symbols  that  refer  to  standard  functions,  such  as  sin  .r,  while  numeri¬ 
cal  digits  are  always  roman.  Subscript  and  superscript  variables,  except  for  numerical  digits,  and 
coordinates  axes  appear  in  italics. 
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Omega  is  a  long-range,  ground-based  radionavigation  system  operating  in  the  very  low  fre¬ 
quency  (VLF)  band*  between  10  and  14  kilohertz  (kHz).  The  signals  radiated  by  an  Omega  transmitter 
reach  a  rect  iver  by  propagating  through  the  space  between  the  earth’s  surface  and  the  lower  part  of  the 
ionosphere  (the  D-region),  The  space  acts  as  a  waveguide  and  is  frequently  referred  to  as  the  “earth- 
ionosphere”  (El)  waveguide.  VLF  signal  propagation  in  an  El  waveguide  is  analogous  to  microwave 
propagation  in  a  lossy  waveguide.  The  height  of  the  El  waveguide  varies  between  about  70  krn  in  day  to 
90  km  at  night.  Because  the  waveguide  height  is  comparable  to  VLF  signal  wavelengths,  approxi¬ 
mately  30  km  at  10  kHz,  the  characteristics  of  a  signal  propagating  along  a  transmitter-to-recciver  path 
are  functions  of  the  electromagnetic  properties  of  the  boundaries  of  the  El  waveguide  formed  along  the 
signal  path. 

The  spatial  and  temporal  characteristics  of  a  propagating  signal  along  a  path  can  be  obtained  by 
applying  Maxwell’s  equations  (see  Section  5,7)  to  the  path  waveguide  boundaries.  The  El  waveguide  is 
a  spherical  waveguide  with  spatially  varying  ground  conductivity  of  the  earth’s  surface,  and  spatially 
and  temporally  varying  ionospheric  conductivity,  along  with  the  earth’s  spatially  varying  magnetic  field 
(also  called  geomagnetic  field)  which  affects  the  signal  as  it  interacts  with  the  ionospheric  boundary. 
Exact  electromagnetic  field  solutions  in  such  a  waveguide  arc  extremely  difficult  to  obtain.  Several  ana¬ 
lytical  approaches  (with  corresponding  computer  programs;  see  Appendix  A)  have  been  developed  for 
determining  approximate  full-wave  solutions®  for  VLF  signal  propagation  in  the  waveguide  (Refs.  1 
through  5).  The.se  approaches  arc  based  mostly  on  “wave-hop”  theory  (Ref.  6)  or,  by  the  mathematical 
equivalent,  "mode  theory”  (Refs,  7  through  12). 

I  he  wave-hop  theory  represents  a  signal  at  a  point  (receiver)  as  a  sum  of  thegroundwave  (i.e.,  the 
wave  that  results  in  the  absence  of  ionosphere,  as  in  the  Loran-C  system)  and  a  series  of  “wave-hop.s” 
(also  called  skywaves)  reflected  from  the  ionosphere  and  earth’s  surface  by  successive  wave-hops,  as 
shown  in  Fig,  5.1-1,  The  wave  propagation  is  de.scribed  by  wave-hops  that  are  reflected  according  to  the 
rules  of  geometric  optics.  In  the  figure,  the  received  signal  is  composed  of  the  groundwave  (not  shown) 
and  three  wave-hop.s  (j  =  1,2,  and  3).  Note  that  wave-hop  j  is  reflected;  times  from  the  ionosphere  and 


*The  VLF  band  includes  frequencies  from  3  to  30  kHz, 

®  A  full-wave  solution  means  Maxwell’s  equations  have  been  applied  to  the  problem  without  any 
approximations  relative  to  the  variability  of  electromagnetic  propeitics  of  the  wave  propagation 
medium  (Ref,  11).  These  properties  can  vary  sinriifica.ntly  for  Omega  signals  over  a  di.stance  of 
the  signal  wavelength.  If,  however,  the  path  properties  do  not  vary  significantly  over  a  wave¬ 
length,  as  is  usually  the  case  for  the  low-  and  high-frcqucncy  propagation  signals,  one  could  use 
the  conventional  ray  or  geometrical  optics  theory. 
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Figure  5.1-1  Diagrammatic  Representation  of  Wave-hops 

O'  -  1)  times  from  the  earth’s  surface.  This  description  is  of  particular  interest  when  the  distance  (q) 
between  the  transmitter  and  receiver  is  relatively  short,  e.g.,  ^<1000  km  for  Omega  signals.  For  these 
short  distances,  it  is  usually  enough  to  consider  the  wave-hops  that  have  been  reflected  from  the  iono¬ 
sphere  two  or  three  times.  The  number  of  wave-hops  needed  to  represent  a  signal  increases  as  q 
increases.  Because  Omega  is  a  long-range  navigation  system  with  signals  propagating  over  distances  of 
10-15  thousand  kilometers,  currently  available  propagation  algorithms  based  on  wave-hop  theory  are 
not  practical  for  OmegaWLF  signal  description. 


Although  elements  of  mode  theory  are  not  easily  visualized  as  those  of  wave-hop  theory,  mode 
theory  provides  a  useful  model  for  certain  characteristics  of  VLF  propagation,  such  as  “modal  interfer¬ 
ence”  (Section  5.5,2).  In  mode  theory,  the  signal  along  a  path  is  represented  as  a  sum  of  the  “normal  or 
characteristic  modes”  of  the  El  waveguide  formed  along  the  path.  A  sketch  of  the  electric  field  pattern  of 
a  VLF  signal  propagating  in  an  El  waveguide  is  shown  in  Fig.  5.1-2,  At  short  distances  (500-2000  km), 
from  a  transmitter,  called  the  “near-field  region”  of  the  transmitter,  the  signal  field  pattern  (see 
Fig.  5,1-2)  is  generally  complicated  (irregular)  due  to  the  signal  being  a  sum  of  several  competing 
strong-amplitude  modes  of  the  waveguide.  However,  at  longer  ranges  (several  thousand  kilometers 
from  a  transmitter)  along  most  signal  paths,  the  signal  is  dominated  by  its  Mode  1  (the  lowest-order 
mode)  component  as  the  signal’s  higher-order  mode  components  are  attenuated  much  more  rapidly  than 
Mode  1  component.  The  signal  pattern  is  therefore  much  more  regular  (approximately  Mode  1  signal 
pattern)  at  the  longer  ranges. 
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Figure  5.1-2  Electric  Field  Patterns  Within  the  Earth-Ionosphere  Waveguide 


5.2  THE  EARTH-IONOSPHERE  WAVEGUIDE 

From  the  Omega  transmitting  station  source  (antenna),  Omega  signal  waves  propagate  outward 
inside  the  space  between  the  earth’s  surface  and  ionosphere  with  circular  wave  fronts  as  shown  in 
Fig.  5.2- 1(a),  assuming  a  spherical  and  homogeneous  earth,  .and  an  isotropic  and  homogeneous  iono¬ 
sphere.  The  wave  front  is  a  constant  phase  surface.  If  a  single  point  along  any  circular  wave  front  is 
selected  as  a  receiver,  a  signal  path  is  defined  between  the  transmitter  and  receiver  as  the  shorter  of  the 
two  great-circles  arcs  between  the  transmitter  and  receiver  (see  Fig.  5.2-  1(b)).  It  is  the  electromagnetic 
properties  of  the  earth’s  surface  and  the  ionosphere  medium  along  this  path  that  determine  the  signalfield 
char  acteristics  detected  at  the  receiver. 

Figure  5.2-2(a)  shows  a  side  view  of  the  earth-ionosphere  waveguide  formed  along  a  typical 
short  path,  Ti?,  shown  in  Fig.  5.2-2(b).  The  path  is  a  mixed-conductivity,  mixed-illumination  path.  Path 
segments  TA,AB,  BR,  have  day,  transition,  and  night  illumination  conditions,  respectively.  The  next  two 
subsections  describe  the  electromagnetic  properf.ies  of  the  lower  and  upper  boundaries  of  the  v/ave- 
guide. 


5-4 


Figure  5.2-1  Transmitter  Signal  Path 


Path  TR  Shown  in  Fig.  5.2-2b 
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(b)  An  Example  of  Short-path  Signal  Path  TR 
Figure  5.2-2  Earth-Ionosphere  Waveguide 
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5.2.1  The  Lower  Boundary  —  The  Earth’s  Surface 

The  earth’s  surface  consists  of  many  different  substances  such  as  sea  water,  soil,  and  ice.  The 
electromagnetic  properties  of  the  lower  boundary  are  described  by  its  two  parameters:  the  ground  con¬ 
ductivity,*  cr,  and  associated  relative  permittivity,  f  r  =  i/co  The  conductivity  relates  the  electric 
field  to  the  elecu'ic  cuitent  flowing  in  the  eanh’s  surface,  and  relative  permittivity  relates  the  electric 
field  to  the  electric  flux  density  in  the  earth’s  surface;  see  Section  5.7),  These  paranfieters  vary  with  loca¬ 
tion  on  the  earth’s  surface.  Each  parameter  at  a  location  is  the  average  value  of  the  local  parameter  over  a 
distance  of  several  skin  depths'*'  below  the  earth’s  surface  (see  Section  5.7).  A  worldwide,  ten-level, 
ground  conductivity  map  is  available  (Ref.  13)  for  use  in  the  VLF  signal  calculations.  The  map  is 
derived  from  empirical  data,  and  iheoiy  wherever  empirical  data  were  unavailable.  Typical  values  of  the 
parameters  for  the  various  types  of  earth  materials  are  given  in  Table  5.2-1. 

Table  5.2-1  Typical  Conductivity  and  Relative  Permittivity  of  the  Earth’s  Surface  Materials 


MATERIAL 

CONDUCTIVITY,  o 
(mho/m) 

RELATIVE 

PERMITTIVITY," 

=  »/«o 

ajmt 

Sea  water 

4 

80 

9X10‘» 

Rich  damp  soil 

10-2 

20 

9x102 

D.fy  soil 

10*^ 

10 

1.8x102 

Fresh-water  (average  lake) 

10-3 

80 

2,25  XlO^ 

Permafrost  (tundra) 

10-“ 

10 

1,8 

Fresh-water  ice  (Greenland  ice) 

10-5 

5 

3.6 

"Dimensionless  quantity. 


Note  that  the  table  includes  values  of  o/cue  of  the  earth  materials  for  the  signal  frequency 
(f  ”  w  jin')  of  10  Hz.  The  ojioe.  is  the  ratio  of  “conduction  current”  and  “displacement  current” 
flowing  through  a  material.  The  current  through  a  pure  resistor  is  the  conduction  current,  while  the  cur¬ 
rent  ‘through’  a  pure  capacitor  is  the  displacement  current  (c.f.  Ref.  1 9).  A  material  is  said  to  be  a  good 
conductor  at  the  frequency /(=  a>/ 2  jr)  if  it  has  a/cue  »1.  From  the  table,  we  note  that,  except  for 

*  Conductivity  is  proportional  to  the  reciprocal  of  the  resistance, 

§  It  is  the  permittivity  relative  to  the  free-space  permittivity,  Cq  (=  8.854  x  10'*^  farad/metcr). 

^  At  10  kHz,  the  skin  depths  for  sea  water  ((7  =  4  mho/m),  rich  damp  soil  (cr  =  10'^  mho/m)  soil,  and 
fresh-water  ice  (a=  10"^  mho/m)  are  approximately  2.5, 50, 112,  and  1590  meters,  respectively  (see 
Section  5.7.6). 
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the  tundra  and  fresh-water  ice  regions,  the  earth’s  surface  is  a  reasonably  good  conductor  at  OmegaA'LF 
signal  frequencies  (10-30  kHz). 

Notice  that  the  ground  conductivity  of  the  earth’s  surface  varies  more  than  five  orders  of  magni¬ 
tude  (i.e.,  10^)  while  the  associated  permittivity  varies  by  an  order  of  magnitude.  The  waveguide  moder 
which  have  electric  field  vectors  nearly  perpendicular  to  the  earth’s  surface  carry  most  of  the  Orhega 
signal  energy  and  are  most  affected  by  the  ground  conductivity  variations.  The  propagating  signal  in  an 
El  waveguide  is  attenuated  (i.e.,  the  signal  energy  is  lost  due  to  path  properties’  effects)  by  as  little  as 
0.5  dB  (decibel)  per  1000  km  over  sea  water  and  as  much  as  30  dB  per  1000  km  over  fresh-water  ice. 
This  large  attenuation  rate  at  Omega  frequencies  is  the  source  of  the  teim  “Greenland  shadow,’’ 
especially  in  connection  with  the  Norway  Omega  station  signals,  as  observed  in  North  America. 

5.2.2  The  Upper  Boundary  —  The  Ionosphere 

The  earth  is  surrounded  by  an  ionized  region  above  the  neutral  atmosphere  called  the  iono¬ 
sphere,  which  has  an  extremely  important  influence  upon  the  propagation  of  radiowaves  at  very  low 
frequencies  as  well  as  in  other  frequency  bands.  There  are  several  sources  of  ionizing  energy  which  tend 
to  produce  charged  particles,  ions,  and  free  electrons  from  the  neutral  air  molecules  (Refs.  8,  9,  14, 
and  15).  The  fundamental  source  of  ionization  is  the  sun,  with  other  stellar  objects  as  secondary  sources. 
Ion-neutral  collision,  excitation,  recombination,  and  diffusion  control  the  amount  of  ionization  at  a 
given  location.  The  ionosphere  extends  from  about  50  to  1000  km  above  the  earth’s  surface.  Since  dif¬ 
ferent  solar  radiation  frequencies  are  most  active  as  ionizing  agents  in  different  height  regions,  there  are 
several  ionospheric  regions:  the  D-,  E-,  and  F-regions.  The  ionosphere  layers  differ  in  several  proper¬ 
ties:  constituent  particle  composition  and  density,  principal  sources  of  ionization  and  recombination 
mechanisms,  and  profiles  (distribution  with  height)  of  particle  density  and  collision  frequency.  Propa¬ 
gation  of  VLF  radiowaves  to  great  distances  is  made  possible  by  the  high  reflectivity  of  the  lower  iono¬ 
sphere,  i.e.,  the  D-region  and  the  lower  E-region  which  extend  from  70  to  100  km  above  the  earth’s 
surface.  The  latter  is  due  to  the  relatively  sharp  gradient  of  the  electron  density  in  the  D-region  of  the 
ionosphere  (see  Fig.  5.2-3). 

The  structure  of  the  ionosphere  is  quite  sensitive  to  the  net  incident  solar  illumination.  During 
the  day,  solar  photoionization  maintains  a  small  but  stable  ionized  component  between  70  and  80  km. 
The  amount  of  ionization  depends  inversely  on  the  angle  between  the  sun  and  the  local  solar  zenith 
angle,  i.e. ,  the  maximum  ionization  occurs  at  a  solar  zenith  angle  of  0  deg.  For  the  nighttime  ioi  osphere, 
the  only  major  source  of  ionization  is  radiation  scattered  from  the  dayside,  which  has  much  smaller  solar 
fluxes  than  direct  solar  radiation.  As  a  result,  the  nighttime  D-region  almost  entirely  disappears,  so  that 
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Figure  5.2-3  Electron  Density  for  Sunspot  Minimum  Latitudes  (Ref.  161 


VLF  waves  are  effectively  reflected  from  the  bottom  of  the  F-region  (80  to  90  km).  The  solar  control  of 
the  ionosphere  is  the  source  of  the  strong  diurnal  dependence  of  Omega/VLF  signal  propagation.  The 
effective  height  of  the  El  waveguide  increases  15-20  percent  from  day  to  night,  leading  to  substantial 
differences  in  received  signal  cha."actcristics  over  the  same  path. 


The  electron  density  and  the  cit'ective  electron  collision  frequency  (average  nun.t 
per  .second  with  neutral  piUlicles)  of  the  D-region  determine  the  characteristics  of  pror  . 
'vaves,  The  ionosphere  is  not,  in  general,  homogeneous,  especially  in  the  direction  perpen 
earth  s  surlacc  where  boihi  the  electron  density  and  electron  collision  ircqucncv  vaiO'  'Vitli 
VLF  signal  calculations,  the  D-region  ionosphere  is  modeled  by  the  following 
heignt-dependent  ionospheric  conductivity  profile  (Reis.  5  and  7) 


the 

iicigli..  For 
exponential 


ojrKz)  =  2.5  X  iO^  exp  [/J(c  -  h')] 

where  c  is  the  altitude  (km)  above  the  earth’s  surfacc;;3  is  the  ionospheric  coii-.i'  ,'i  iiy  j.  ..  'icnt  (krn“'); 
'id  h'  is  a  rcD'-crice  height  (km),  also  called  the  reference  refiection  height,  dypical  values  of  h'  arc 
/'O  km  in  day  and  87  V.ni  a.  nighl.  and is  0.3  K.ir'  in  day  and  0. 3-0.5  knr’  at  night.  The  h'  and 
provide  a  convenient,  but  approximate,  means  of  desciibing  the  avcnifinl  mnospherc  conductivity, 
which  is  eq  jal  iocq  wi;-.*  approximately  10  niho/m  riuis.  isotropic  ionosphcic  i'-  n  very  poor  conduc¬ 
tor  at  VLE,  coniparcd  to  sea  water  w'hich  has  co-iductivuy  of  4  rnho/m. 
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The  above  model  is  more  a  description  of  the  mid-latitude  ionosphere.  The  ionosphere  in  the 
higher-latitude  (auroral/polar)  and  lower-latitude  (equatorial)  regions  is  quite  different  from  the  mid-lat¬ 
itude  ionosphere.  Some  researchers  have  suggested  the  use  of  latitude-dependent  h'  and;3  values  which 
are  functions  of  season,  in  addition,  to  the  solar  illumination  condition  (Refs.  17  and  18). 

The  action  of  the  earth’s  magnetic  field  on  the  constituent  charged  particles  makes  the  iono¬ 
sphere  a  magnetized  plasma.  This  introduces  anisotropy  into  the  behavior  of  VLF  signal  waves  interact¬ 
ing  with  the  ionosphere,  i.e.,  the  signal  propagation  characteristics  depend  upon  the  direction  of  signal 
propagation,  in  addition  to  other  isotropic  ionospheric  properties.  Because  of  this  anisotropy,  a  wave 
traveling  from  east  to  west  (perpendicular  to  the  geomagnetic  field)  is  reflected  much  less  efficiently 
from  the  ionosphere  relative  to  west-east  propagation.  In  contrast,  signals  propagating  parallel  to  the 
geomagnetic  field  (i.e.,  north  or  south;  are  unaffected  by  a  180-degree  shift  in  the  signal  propagation 
direction.  Because  the  anisotropy  is  strongest  on  paths  perpendicular  to  the  geomagnetic  field,  this  phe¬ 
nomenon  in  which  signals  propagating  to  the  east  having  'ower  signal  attenuation  than  those  propagat¬ 
ing  to  the  west  is  often  referred  to  as  the  “cast-west  effect.” 

Orientation  and  magnitude  of  the  geomagnetic  field  arc  the  parameters  of  interest  to  VLF  signal 
propagation.  The  field  orientation  at  a  local  path  point  is  conveniently  characterized  by  the  local  dip 
angle,  D  (or,  alternatively,  the  local  geomagnetic  latitude,  (9, „)  and  the  local  path  azimuth./?,,,  (beahng 
from  the  geomagnetic  north).  Dip  angle  is  the  angle  between  the  geomagnetic  field  vector  and  ns  hori¬ 
zontal  component,  Geomagnetic  latitude  and  dip  angle  at  a  point  arc  related  to  each  other  (based  on  an 
carlh-ccntcred  dipole  field;  by  the  relationship:  2  tan  6,,,  ~  tan  D.  Figure  5,2-4  illustrates  the  dip  angle 
and  p'.Ji  a/inmth  at  a  local  path  point,  P. 
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5.3  GUIDED  WAVE  PROPAGATION 

The  earth-ionosphere  waveguide  is  an  extremely  complex  waveguide  due  to  its  spatially  varying 
propenifs,  some  of  which  arc  also  anisotropic,  thus  introducing  propagation  direction-dependent  signal 
behavior.  To  better  understand  wave  propagation  phenomena  in  an  El  waveguide,  we  will  analyze  a 
rudimentar)'  model  of  'his  waveguide.  The  model  to  be  considered  is  a  waveguide  with  parallel  bound¬ 
aries  (planes),  each  witli  uniform  and  isotropic  properties;  we  will  call  the  model  the  isotropic/planar 
waveguide.  Specifically,  in  tiiis  section,  we  will  describe  what  a  “mode"  is  and  develop  the  “mode  equa¬ 
tion"  for  an  'soiro):  ../planar  waveguide.  Also,  v.'e  will  present  electromagnetic  fields  of  the  modes  in 
this  wavi^iiide  as  well  as  in  g  spec%t!  case  of  this  waveguide.  As  the  real-world  El  waveguide  has  aniso¬ 
tropic  properties,  we  will  extend  the  i  jOtropic/plait-ir  ivaveguide  mode  equation  to  the  El  waveguide. 
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Note  that  waveguides,  in  general,  are  structures  which  guide  propagation  of  radiowave  signals. 
Everyday  examples  of  waveguides  are  electrical  transmission  lines  bringing  electrical  power  or  tele¬ 
phone  service  to  homes  and  coaxial  cables  bringing  TV  information  from  the  cable  companies .  In  study¬ 
ing  guided  waves  in  a  waveguide,  it  is  common  to  classify  the  wave  solutions  (of  Maxwell’s  equations) 
into  the  following  types  (Ref.  19): 

•  Waves  that  contain  electric  field  but  no  magnetic  field  in  the  direction  of  propaga¬ 
tion.  Since  the  magnetic  field  lies  in  the  transverse  plane,  they  are  called  the  trans¬ 
verse  magnetic  (TM)  waves.  They  have  also  been  referred  to  as  e-waves  or  waves 
of  the  electric  type. 

•  Waves  that  contain  magnetic  field  but  no  electric  field  in  the  direction  of  propaga¬ 
tion.  These  are  known  as  the  transverse  electric  (TE)  waves,  and  have  also  been 
referred  to  as  the  h-waves  or  waves  of  the  magnetic  type. 

In  the  El  waveguide,  the  ground-’oas^d  vertical  electric  monopole  antennas,  such  as  the  Omega 
transmitting  antennas,  excite  mostly  TM  modes  in  the  waveguide;  while,  airborne  antennas  with  hori¬ 
zontal  electric  dipoles  excite  mostly  TE  modes  in  the  waveguide.  Figure  5.3-1  illustrates  the  vertical 
(denoted  by  the  subscript  Von  a  field  quantity),  transverse  (denoted  by  the  subscript  Ton  a  field  quanti¬ 
ty)  and  longitudinal  (denoted  by  the  subscript  L  on  a  field  quantity)  components  of  the  electric  (E)  and 
magnitude  (H)  field  vectors  of  the  TM  and  TE  modes.  The  figure  also  shows  the  height-dependence  of 
Ev  of  TM  modes  and  Ej-  of  TE  modes.  Note  that  the  electric  field  (Ev)  of  the  TM  modes  is  largest  at  the 
ground  while  the  electric  field  (Er)  of  the  TE  modes  is  zero  at  the  ground. 

The  above  is  not  the  only  way  in  which  wave  solutions  may  be  categorized,  but  is  a  useful  way  in 
that  any  general  field  distributions  excited  by  a  source  in  a  waveguide  may  be  divided  into  a  possibly 
infinite  number  of  the  above  types  with  suitable  amplitudes  and  phases.  The  propagation  constant,  also 
called  wave  number,  of  each  of  these  waves  tells  how  an  individual  wave  changes  its  amplitude  and 
p’nase  as  it  travels  down  the  guide,  so  that  these  waves  may  be  superposed  at  any  later  position/time  to 
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(a)  Field  Components 


Figure  5.3-1  Field  Components  and  Height  Dependence  of  TM  and 
TE  Modes  of  IT  Waveguide  (Ref.  20) 
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give  the  total  resultant  signal  field.  In  principle,  only  one  of  the  possible  infinite  number  of  these  waves 
may  propagate  in  the  guide  if  it  alone  is  excited  and  if  guide  conditions  arc  favorable  for  its  propagation, 

5,3.1  Isotropic/Planar  Waveguide 

Consider  an  isotropic/planar  waveguide,  whose  side  view  is  shown  in  Fig.  5.3-2,  with  the  lower 
boundary  (an  idealized  planar  earth’s  surface)  at  z  =  0  and  the  upper  boundary  (an  idealized  planar  iono¬ 
sphere  bottom)  at  z  =  /j ;  the  height  h  of  the  waveguide  is  two  or  more  signal  wavelengths,  which  means  a 
minimum  height  of  60  km  at  Omega  frequencies.  The  waveguide  signal  propagation  direction  is  in 
direction  and  the  waveguide  is  infinitely  long  in  the  ±y  directions  and  thus  has  no  side  walls.  Both 
boundaries  are  assumed  to  have  homogeneous  (uniform)  and  isotropic  properties,  and  the  medium 
inside  the  waveguide  is  assumed  to  be  free  space  (vacuum).  Let  the  waveguide  be  excited  by  a  small 
(relative  to  signal  wavelength)  vertical  electric  monopole  antenna  located  at  the  earth's  surface  (z  =  0)  in 
the  waveguide.  The  .signal  radiated  by  such  a  source  is  composed  of  the  three  parts:  electro.static,  induc¬ 
tion,  and  radiation.  The  first  two  parts  dominate  the  total  field  for  distances  of  up  to  one  wavelength  from 
the  source  (approximately  30  km  at  10.2  kHz);  beyond  these  distances,  the  third  part  dominates.  The 
third,  or  the  radiation  part,  provides  the  energy  carried  by  the  waves  propagating  in  the  waveguide,  A 
further  discussion  of  the  source  signal  field  components  is  given  as  an  appendix  to  this  chapter, 
Section  5,8. 

The  radiation  part  of  the  signal  field  has  vertical  electric  field  component  of  the  form 

p  QOS{0)t  -  ^qP) 

where  q  is  the  radial  distance  from  the  source;  cu  =  2ytf,f=  frequency;  f  =  time;  and  ko  (=  2jr/^o)  is  tlic 
propagation  constant  in  free  space,  where  Aq  is  signal  wavelength  in  free  space.  The  radiated  part  of  the 
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signal  field  produces  waves  with  approximately  spherical  wave  fronts.  By  the  time  the  waves  are  inci¬ 
dent  on  the  upper  boundary  (the  ionosphere),  the  wave  front  radius  of  curvature  is  so  large  that  the  wave 
fronts  can  be  considered  approximately  planar,  as  shown  at  points  A  and  B  in  Fig.  5.3-3.  Therefore,  dif¬ 
ferent  points  along  the  ionosphere  boundary  can  be  viewed  to  receive  plane  waves  which  appear  to  be 
coming  at  different  incident  angles  from  the  source.  For  example,  at  points  A  and  B  in  Fig.  5.3-3,  the 
plane  waves  appears  to  be  corning  at  incident  angles  6^.  and  6b,  respectively.  Upon  reflection  from  the 
ionosphere  boundary,  each  of  the  incident  plane  waves  undergoes  successive  reflections  from  the  lower 
and  upper  boundaries  of  the  waveguide  as  the  wave  moves  down  the  waveguide. 

There  arc  certain  plane  v/ave  incident  angles  for  which  the  waveguide  exhibits  the  “resonance 
condition,”  as  described  later  in  this  section.  That  is  to  say,  a  plane  wave  incident  at  any  of  one  of  these 
angles  leads  to  a  propagating  wave  down  the  guide.  This  is  due  to  phase  coherence  in  the  wave  fronts  of 
the  reflected  upgoing  and  downgoing  plane  waves  in  the  guide  (sec  Fig.  5.3-1).  A  plane  wave,  incident 
at  any  angle  other  than  the  resonance  condition  angles  (c.g.,  at  dc  in  Fig.  5.3-2)  has  negligible  amplitude 
in  the  guide  due  to  destructive  interference  between  the  phase  fronts  of  the  reflected  upgoing  and  down- 
going  waves  in  the  guide.  Thus  there  is  no  resulting  propagating  mode  for  the  plane  wave  incident  at  Oc- 
The  signal  field  “configuration,”  i.e.,  the  spatial  variations  of  the  electromagnetic  fields  in  the  plane  per¬ 
pendicular  to  the  waveguide  propagation  direction,  of  each  propagating  wave  at  a  fixed  time  is  called  a 
mode,  and  the  resonance  condition  is  expressed  as  the  mode  equation. 

For  developing  ♦he  resonance  condition  (Ref.  10),  consider  a  plane  wave,  with  the  propagation 
constant  ^o,  incident  at  the  ionosphere  at  an  angled  fiom  the  vertical  (z-a.\is)  as  shown  in  Fig.  5.3- 1 .  Let 
R^(0)  and  R\d)  be  the  reflection  coefficients  of  the  plane  waves  incident  at  the  ground  and  ionosphere 


'  '  ■  Karth  '  '  '  ^  ' 


Figure  5.3-3  Spherical  Wave  Approxiiiiaticm  By  l^lane  Waves 
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boundaries,  respectively,  at  an  angle  6  at  either  boundary.  Furthermore,  let  the  upgoing  wave,  Up  in  the 
waveguide  has  the  field  dependence,  in  complex  notation,  of  the  form 

Fi  =  FflCxp  [kot  -  k  •  r]  (5.3-la) 

where  exp  (icot)  is  the  assumed  complex  time  dependence;  i  =  Fq  is  the  amplitude  of  the  wave; 
and  the  propagation  constant  vector,  k  called  wave  vector  whose  magnitude  is  called  wave  number)  and 
distance  vector  r  are  given  by 

k  =  k(^(x  sin0  +  y  cos  6) 
r  =  X  X  +  y  y 

where  x  and  y  are  the  unit  vectors  along  the  x-  and  y-  coordinate  axes,  respectively,  of  the  rectangular 
coordinate  system  (see  Section  5.6);  x,  y  are  the  magnitudes  of  the  distance  vector  r  along  the  x-  and 
y-  coordinate  axes;  Icq  is  the  propagation  constant  (wave  number)  in  free  space.  Substituting  ko  and  r  in 
Eq.  5,3-1  (a)  gives 

Fj  =  Fq  exp  [tor  —  ifeQ(xsin  6  +  zcos  0)]  (5.3- lb) 

Since  all  field  quantities  will  have  the  same  time  dependence,  we  will  henceforth  drop  the  time  depen¬ 
dence  term  from  the  field  expressions,  unless  otherwise  noted.  When  the  upgoing  plane  wave  U  j  meets 
the  ionosphere  boundary  at  z  —  h,  it  is  reflected  to  produce  a  downgoing  wave,  D2,  with  the  field 
component 

Fj  =  F20  exp  [-{fco  (Jfsin  0  -  zcos  0)]  (5.3-2a) 

At  the  ionosphere  boundary  (z  =  h)  of  the  waveguide,  F2  must  be  equal  to  Fi  F‘(0)  which  requires  that 

F20  =  Fq  R‘{0)  exp  (-2/^0^ cos  9) 

Therefore  F2  in  terms  of  Fq  and  R‘{6)  is  given  by 

F2  =  Fy  R'(6)  exp  [-//:Q(xsin  9  —  zcos  6)  -  2//:q/jcos  9]  (5.'3-2b) 

The  downward  wave  D2  is  then  reflected  from  the  earth’s  surface  boundary  (z  =  0)  of  the  v/aveguide 
and  gives  rise  to  the  upgoing  wave  in  which  the  field  component  is 

F3  =  F30  exp  [-//cofxsin  9  +  zcos  9)]  (5.3-3a) 
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At  the  earth’s  surface  (z  =  0)  F3  must  be  equal  to  F2  R^{6)  which  requires  that 

^30  =  ^20 

=  Fq  R\e)  R^iO)  exp  (-2iko  hcos  6) 

Therefore  F3  in  terms  of  Fo, and  is  given  by 

=  Fq  R^(9)  R^(6)  exp  [-i/Tof^sin  9  +  zcos  9)  —  lik^hcos  6]  (5.3-3b) 

For  L/j,  Dj,  and  waves  to  represent  the  upgoing  and  downgoing  components  of  a  self- 
consistent  traveling  wave  in  the  waveguide  (see  Fig.  5.3-1),  must  be  identical  to  t/j  except  for  a 
phase  change*  equal  to  an  integral  number  (p)  of  2jc  radians.  Mathematically,  it  means  that 

R^i9)  R‘{9)  exp  {-2ik(/tcos9)  =  exp  {-Imp)  (5.3-4) 

where  the  reflection  coefficients  are  complex  quantities  as  described  below 

RS(9)  «  l/?«(0)i  exp  (5.3-5a) 

RKd)  =  !«'(^)l  exp  (i^')  (5.3-5b) 

where  and  are  real  quantities.  Equation  5.3-4  is  the  resonance  condition  for  the  propagating  modes 
of  the  waveguide.  It  is  a  fundamental  equation  of  mode  theory  and,  in  general,  involves  complex  quanti¬ 
ties.  It  has  a  unique  complex  angle  solution,  9p,  for  each  integer  value  of p.  The  angle  Op  is  commonly 
referred  to  as  the  eigenvalue  or  eigenangle  of  the  p*  mode. 

The  mode  equation,  Eq.  5.3-4,  is  conveniently  written  as  a  set  of  the  following  two  expressions, 
obtained  by  equating  the  magnitude  and  phase  terms,  respectively,  of  both  sides  of  the  mode  equation 
(Eq.  5.3-4): 

l/(*l  lf?‘l  =  exp  ^-2Ao/i|lm  (cos  0p)|j  (5.3-6a) 

(ps  +  (p‘  ~  2kf^[Re  (cos  9p)]  -■  -Tjtp  (5.3-6b) 

where  Re  ( )  and  Im  ( )  are  real  part  and  imaginary  part,  respectively,  of  the  quantities  in  the  paren¬ 
theses  ( );  and  1 1  denotes  the  magnitude  of  the  quantity  inside  the  bars  1 1 .  It  is  important  to  note  that  mag¬ 
nitude  and  pha.'-;  of  and  R‘  i.n  Eqs.  5.3-6a  and  5.3-6b  are  dependent  on  the  :'alue  of  the  physical  angle 

*The  minus  sign  must  be  used  in  the  physically  real  case  since  F3  is  one  compete  reflection  farther 
along  the  propagation  direction  in  the  guide  than  Fi. 
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of  incidence  and  therefore  an  iterative  method  must  be  employed  to  solve  the  mode  equation.  For  a  non- 
lossy  waveguide,  Op  is  a  real  quantity  and  thus  the  mode  equation  for  the  non-lossy  waveguide  is  given 
by  Eq.  5.3-6b, 

A  mode,  as  mentioned  above,  is  formed  by  the  upgoing  and  downgoing  waves  in  a  waveguide 
and  thus  the  field  polarization  of  the  resulting  mode  signal  fields  is  the  same  as  that  of  the  constituent 
upgoing  and  downgoing  waves.  Hence,  like  the  plane  waves,  there  are  TE  and  TM  modes  in  a  wave¬ 
guide.  These  modes,  like  the  corresponding  plane  waves  types,  form  a  complete  set  of  mathematical 
functions  to  describe  a  propagating  signal  at  any  point  in  an  isotropic  waveguide. 

Mode  Signal  Field  Components  —  A  mode  signal  in  the  waveguide,  as  noted  earlier,  is  the  result 
of  the  upgoing  and  downgoing  plane  waves  forming  the  mode  signal,  as  shown  in  Fig.  5.3- 1 .  The  mathe¬ 
matical  expressions  for  the  upgoing  {U)  and  downgoing  (D)  plane  waves  of  a  mode  are 

U  —  exp  [-/^o(-^sip  9  +  zcos  0)] 

D  —  exp  [-//Co(-^sin0  -  zcos  0)] 

Applying  Maxwell ’s  equations  (see  Section  5 .7)  to  the  upgoing  and  downgoing  waves  of  a  mode,  we  get 
the  electric  field  components  {Ex,  Ey,  E^)  and  magnetic  field  components  {Hx,  Hy,  H^)  for  the TM  and 
TE  modes  as  listed  below  for  the  El  waveguide  shown  in  Fig.  5.3-1. 

The  phasor  expression  for  the  field  components  oi  the  TM  mode  are  (Ref.  19) 

Hyp  =  2C/5  cos  (kf^Cp)  exp  {-ikQxSp) 

Exp  =  2/;7qC/^  Cp  sin  {k^Cp)  exp  {-ik^KSp)  (5.3-7a) 

E^p  =  ~2rjQU^  Sp  cos  {kozCp)  exp  {-ikQxSp) 

The  phasor  expressions  for  the  field  components  of  pth  TE  mode  are  (Ref.  19) 

Eyp  ~  -2Hfj,  sin  {kpp.Cp)  exp  {-ikfyxSp) 

Hxp  =  ~yj~  Sin  (/cozCp)  exp  {-ik^KSp)  (5.3-7b) 

-2/f/O 

Hzp  -  —JJ~  ~  Sp  sin  {kfyzCp}  exp  {-ik^yKSp) 
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where 


P 


i 


Bp 

Cp 


MO 


Vo 


ko 


Mode  index 


mode  dependent  field 

Eigenvalue  (a  complex  quantity)  of mode 
cos  6^ 


Velocity  of  light  in  an  unbounded  medium  having  the 
same  dielectric  properties  as  the  waveguide  propagation 
medium 

Characteristics  impedance  of  an  unbounded  medium 
having  the  same  dielectric  properties  as  the  waveguide 
propagation  medium 

Propagation  constant  (wave  number)  of  the  signal  wave 
in  an  unbounded  medium  having  the  same  dielectric 
properties  as  the  waveguide  propagation  medium. 


In  the  field  component  equations  (Eqs.  5.3-7a  and  5.3-7b),  some  of  the  field  components  have  two  sub¬ 
scripts,  while  other  quantities  have  one  subscript.  For  the  two-subscript  field  components,  the  first  sub¬ 
script  indicates  the  x,  y,  or  z  component  of  the  field  and  the  second  subscript  denotes  the  mode  index  of 
the  field.  For  example,  Hyp  denotes  the  y-component  of  //-field  for  p'*'  mode. 

We  will  now  examine  the  spatial  variations  of  the  field  components  of  the  TM  and  TE  modes  in 
the  waveguide  shown  in  Fig.  5.3-1.  The  height  (z)-dependence  of  the  mode  signal  field  components, 
called  height-gain  functions,  is  a  cosine  function  in  z  for  the  TM  modes  and  a  sine  function  in  z  for  the  TE 
modes.  As  a  result,  the  signal  components  at  z  =  0  (the  earth’s  surface)  are  zero  for  the  TE  modes  and 
maximum  for  the  TM  modes.  Although  this  height-dependent  behavior  is  derived  for  an  idealized  El 
waveguide,  it  is  very  nearly  the  same  for  a  real-world  El  waveguide.  This  is  the  basis  why  Omega  navi¬ 
gation  employs  the  lowest-order  TM  mode  for  Omega  navigation. 


The  x-dependence  of  the  field  components  is  given  by 


exp 


where  Sp  (=  sin  6p)  is  a  complex  quantity  for  lossy  waveguides  and  is  real  for  non-lossy  waveguides. 
Incorporating  the  time  dependence  term  exp  (/<u/),  dropped  eaidier  from  the  field  equation,  we  get  the 
jc-dependence  of  the  field  components  to  be 

exp  [iiojt  -  /:ox5^)] 
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For  a  lossy  waveguide,  the  complex  quantity 

Sp  =  ^Real  Part  of  (5p)  +  i  Imagery  Part  of  (5p)j 
=  Re  (Sp)  +  i  Im  (Sp) 

The  x-dependencc  of  the  field  components  thus  becomes 

exp  -  kox  Re  (Sp))  j  exp[-  k^x  Im  (Sp)] 
First  Term  Second  Term 


The  first  term  of  Eq.  5.3-8  provides  the  phase  velocity  with  which  the  mode  propagates  along  the  wave¬ 
guide  (the  x-direcion);  the  second  term  describes  the  way  the  mode  signal  is  attenuated  exponentially 
with  distance  (x)  along  the  waveguide  as  it  propagates  inside  the  waveguide. 

If  Op  is  the  signal  attenuation  rat  e  and  y3p  is  the  propagation  constant  for  the  p'*’  mode,  then 

Op  =  A'o  Im  (Sp)  neper/meter  (5.3-9a) 

Pp  =  kQ  Re  (Sp)  radian/meter  (5. 3 -9b) 

The  attenuation  rate  is  sometimes  expressed  in  decibels  per  megameter*  (dB/Mm)  of  signal  path  length, 
as  described  by 


A  (dB/Mm)  =  201ogjQ|^exp  |-10^  X  ap)j 
=  -8.686  Jto  Im  (Sp) 


(5.3-10) 


where  ko  =  2kI\q  and  Xo  is  the  wavelength  in  meters. 

The  phase  velocity  (up)  of  the  wave,  denoted  as  Upp,  is  given  by 

u  —  =  tu  _  “o 

“  Pp  k^Ke  (Sp)  Re  (Sp) 


(5.3-11) 


To  provide  further  insight  of  what  the  mode  signal  fields  looks  like,  we  will  apply  below  the 
mode  equation  and  the  associated  electromagnetic  field  formulas  of  the  isotropic/planar  waveguide  de¬ 
veloped  above  to  the  case  where  both  of  the  waveguide  boundaries  are  perfect  electrical  conductors  (i.e., 
the  waveguide  boundaries  have  the  conductivity,  a,  equal  to  w );  this  is  a  typical  microwave  waveguide. 

*  1000  km. 
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The  p  =  0  mode  has  Cp  =  0,Sp=l,  and  UpQ-  uq.  This  (p  =  0)  is  the  zeroth-order  TM  (TMq)  mode, 
also  called  the  transverse  electromagnetic  TEMmode.  Note,  fromEqs.  5.3-7a,  that  the  electric  and  mag¬ 
netic  field  vectors  of  the  TEM  mode  are  transverse  to  the  direction  of  propagation.  The  phase  velocity, 
Upp,  of  the  TE  or  TM  mode  is  given  by 

upp  =  ^  (5,3-13) 

tip 


It  can  be  shown  (Ref.  11)  that  the  phase  velocity  of  a  mode  is  always  higher  than  that  in  an  un¬ 
bounded  medium  having  the  same  dielectric  properties  as  those  of  the  waveguide  propagation  medium. 

An  intuitive  way  of  determining  the  phase  velocity  of  a  mode  in  a  waveguide  is  by  comparing  the 
alternative  ray  path  lengths  travelled  by  the  incident  and  reflected  waves  of  the  mode  with  the  corre¬ 
sponding  distance  traveled  by  the  mode  signal  along  the  guide  direction.  For  example,  in  Fig.  5.3-4,  we 
note  that  when  the  wave  front  of  the  plane  wave  moves  from  A  to  B  in  the  wave  propagation  direction,  it 
simultaneously  travels  through  a  distance  EB  along  the  guide.  Since  the  wave  velocity  is  mq  along  AB, 


0-30792 
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Figure  5.3-4  Phase  Velocity  and  Wave  Velocity  Relationship  Geometry 
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the  phase  velocity  Upp  of  the  mode  signal  is  wo/sin  dp  (=  uo/Sp)',  it  is  the  same  expression  as  as 
Eq.  5.3-13.  Note  that  the  phase  velocity  of  a  mode  is  greater  than  the  wave  velocity  z<o.  Furthermore,  as 
the  mode  index  p  increases,  Cp  (in  Eq.  5.3-12)  increases  and  thus  Sp  decreases,  which  causes  the  phase 
velocity  (Eq  5.3-13)  to  increase  with  the  mode  index. 


Note  that  Omega  navigation  is  based  on  the  assumption  that  received  Omega  signals  are  Mode  1 
signals.  It  is  the  information  on  the  relative  phases,  derived  from  the  phase  velocity  of  Mode  1 ,  of  the 
received  signals  which  are  needed  to  compute  on  Omega  navigation  position  fix.  However,  in  addition 
to  the  phase  velocity,  there  is  another  velocity,  called  the  group  or  energy  velocity,  which  is  the  velocity  at 
which  the  Omega  signal  wave-packet  tiavels.  The  wave-packet  is  a  series  of  approximately  one-second- 
long  pulses.  Each  of  these  pulses  has  characteristic  rise  and  fall  times.  The  time  of  detection  of  the  lead¬ 
ing  edge  of  the  pulse  is  determined  by  the  group  velocity  of  the  signal.  Once  the  signal  pulse  is 
established,  about  after  50-100  cycles  the  phase  velocity  of  the  received  signal  becomes  the  important 
parameter  as  it  determines  the  phase  of  the  received  signal.  The  group  velocity,  Ugp,  and  phase  velocity 
Upp,  of  the  p^**  mode  signal  are  related  by  (Ref.  19) 


u 


8P 


*PP 


(5.3-14) 


where  uq  is  the  velocity  of  light  in  an  unbounded  dielectric  medium  having  the  same  dielectric  properties 
as  those  of  the  waveguide  propagation  medium.  The  above  relationship  states  that  the  group  velocity  is 
always  less  than  or  equal  to  the  phase  velocity  which  itself  is  always  greater  than  or  equal  to  uq.  In  a 
non-dispersive  medium  (i.e.,  one  v/here  the  phase  velocity  is  independent  of  signal  frequency),  such  as 
free-space,  the  phase  velocity  is  the  same  as  the  group  velocity  of  the  signal. 


Since  the  signal  wavelength  is  proportional  to  the  signal  phase  velocity,  the  guide  wavelength, 
).gp,  of  the  p^**  mode  in  guide  is  given  by 


(5.3-15) 


Note  that  since  Sp  <  I,  the  guide  wavelength  of  a  mode  is  greater  than  the  signal  wavelength,  Aq. 
Combining  Equations  5.3-12  and  5.3-15  gives 


which  shows  that  for  Aq  is  imaginary  and,  hence,  the  mode  associated  with  indexp  is  evanes¬ 

cent.*  There  is  a  minimum  cut-qfffrequency,fcp,  for  the mode,  below  which  waves  will  not  propagate 
in  the  waveguide.  The  cut-off  frequency  is 

U  =  g  (5.3-16) 

where  c  is  speed  of  light  in  free  space. 

The  cut-off  frequency  for  the  mode  with  mode  index p  =  1  is,  therefore,^p  =fc  i  =  c/2h.  Assum¬ 
ing,  h  =  90  km  for  the  height  of  nighttime  (D-layer)  ionosphere  boundary  (see  Section  5.2),  we  get^  i  = 
1.66  kHz  indicating  that  p=  1  mode  in  this  (90  km  height)  waveguide  will  not  propagate  below 
1.66  kHz. 

We  will  now  illustrate  the  spatial  dependence  of  the  TMi  mode  of  the  example  waveguide  (i.e., 
perfectly  conducting  isotropic/planar  waveguide).  The  instantaneous  field  expression  for  the  TMi 
mode  are  obtained  by:  (1)  substituting  for  C;p  (Eq.  5.3-12)  and  5p  (=1-Cp^)  for  the  example  waveguide  in 
phasor  field  expressions  of  TN^  mode,  Eq.  5.3-7a,  (2)  multiplying  the  resulting  phasor  expressions  with 
the  time  dependence  term,  e.xp  (icot),  and  (3)  taking  the  real  part  of  the  resulting  product.  Thus  forp  equal 
to  one,  we  get 

Ex{x,y\t)  »  Aj  sin  cos  {(at  -  yx) 

E2ix,y\t)  =  §  Aj  cos  sin  (ot  -  yx)  (5.3-17) 

Hy{x,yj)  =  — A]  cos  sin  {cot  ~  yx) 

where 

= V  *5  -  (f )  =  -  (f) 


*  An  evanescent  mode  is  a  nonpropagating  mode  with  the  fields  decaying  exponentially  along  the 
direction  of  the  guide  (Ref.  19). 
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electric  field  of  an  Omega  signal  (which  is  mostly  the  TMi  mode)  is  nearly  perpendicular,  and  its  mag¬ 
netic  field  is  nearly  parallel  to  the  earth’s  surface  everywhere  in  the  world  except  over  permafrost  regions 
(in  the  northern  part  of  Canada)  and  fresh-water  regions  (Greenland/ Antarctica). 

5.3.2  Geomagnetic  Field  Effects 

Thus  far  in  this  section,  we  have  analyzed  and  discussed  the  v/aveguide  propagation  environ¬ 
ment  free  of  the  earth’s  magnetic  field.  Of  course,  the  real-world  El  waveguide  has  geomagnetic  field 
which  greatly  influences  the  motion  of  the  electrons  in  the  D-region  ionosphere,  the  upper  boundary  of 
the  waveguide,  As  a  result,  the  ionosphere  appears  as  an  anisotropic  medium  to  a  wave  incident  below 
the  upper  boundary.  Consequently,  the  reflected  and  transmitted  waves*  from  such  an  anisotropic 
boundary,  as  shown  in  Fig.  5.3-6,  do  not  have  the  same  wave  polarization  (i.e.,  orientation  of  the  electric 
and  magnetic  fields  of  the  wave;  see  Section  5.7-6)  as  the  incident  wave,  but  have  elliptical  polarizations 
which  arc  independent  of  the  incident  wave  polarization.  An  elliptically  polarized  wave  (see  Sec¬ 
tion  5 .7 .6)  has  electric  field  components  both  in  the  plane  parallel  (]|)  and  perpendicular  ( i )  to  the  plane 
of  incidence  (i.e.,  the  plane  perpendicular  to  the  boundary  which  contains  the  incident  wave  propagation 
direction).  To  fully  describe  the  reflection  characteristics  of  an  anisotropic  ionosphere  boundary  relative 
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Figure  5.3-6  Incident,  Reflected,  and  Transmitted  Waves  at  Isotropic 
and  Anisotropic  Media  Boundary 


*l'or  the  case  of  isotropic  medium,  the  reflecting  and  transmitted  waves  have  the  same  wave 
polarization  as  the  incident  wave. 
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to  an  arbitrary  polarized  (linear,  circular,  or  elliptical)  incident  wave,  we  need  four  reflection  coeffi¬ 
cients,  instead  of  the  two  reflection  coefficients  ( and  Sec  Section  5,7,7)*  needed  fur  an  iso- 
tropic  ionosphere.  The  reflection  coefficients  of  an  anisotropic  ionosphere  boundary  arc  conveniently 
described  by  the  following  2x2  matrix  (Refs.  5  and  9) 


(5,3- IH) 


The  subscript  on  the  left  of  reflection  coefficient  R‘  indicates  the  parallel  (II)  or  perpendicular  ( i )  polar 
ization  of  the  electric  field  of  the  associated  incident  wave;  the  .subscript  on  the  righi  ol  Mic  rclleclion 
coefficient  R'  indicates  the  parallel  (ll)  or  perpendicular  (i)  polarization  of  the  electric  field  of  the 
reflected  wave. 


We  will  now  determine  the  impact  of  allowing  the  upper  boinidary  o!'  the  vvavcgiiide  to  lie  an 
anisotropic  boundary  due  to  the  presence  of  the  geomagnetic  field,  'I'hc  resulting  waveguide  is  hence¬ 
forth  called  an  anisotropic/p'anar  waveguide.  The  mode  equation  for  tlic  unisutrupic/plan.ir  waveguide 
is  readily  obtained  by  substituting'-’  the  matrices  R*  and  R*'  for  R^ and  Rx,  respectively,  in  die  isthiojiic/ 
planar  waveguide  mode  equation,  Eq.  5,3-4.  The  resultiag  equation  in  the  nialris  noliilioii  is 

det  II  RS  R‘  '«  /  exp  (-2mp)  11  °  0  (5,1-19) 


where  “det  11 H”  denotes  the  determinant  of  the  quantity  within  the  bars  II  (I;  /  iv  a  2  y-2  U'eniiiy  ui.aUis,  inn  I 
R^  is 


Rx,  0 

0 


(*.  a  .’Ol 


On  developing  the  determinant  of  Eq,  5.3-19,  the  mode  equation  becomes 

(ii«^i  ii«'ii  - 1)  ( /‘i  A  - 1)  -  (i"'!  i"'i  ii"j  A )  “  '' 


Note  that  the  last  term  in  the  above  equation  i.s  zcio  for  an  isutiopic  ioiiosplieic  buiindiiiy  and  the  icsull 
ing  equation  is  basically  the  same  equation  as  the  isotropic/planar  waveguide  mode  equal  ion,  I  xp  ,5,3  4, 


*  Section  5,7.7  e.mploys  different  notations  for  the  reflection  coefficients;  s])ecilically,ii  A'^ii  ami  JV ^ 
arc  denoted  in  Section  5,7.6  as  A',,  and  A',-,  . 

§  Note  that  the  reflection  coefficient  of  the  earth’s  .surface  is  not  affected  liy  the  iinisi)tin|iiL  iiaUiie  id 
the  ionosphere;  the  matrix  representation  tor  in  Eq.  5.3  -)S  i .  used  Im  picseiilaliuii  cuiismiciiu; 
only. 
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A'  ii  tuil'CljiiciRC  of  flic  wiiiMiUopIc  loiimplicjc  bijuiidiuy,  lltc  iiiuiJc  \ulullo(i^  of  the  iniulc  cijuio 
liuii,  I  tj  .*’.3  aic  II"  luii^jci  I’liic  ’ll.  ainJ  |‘uic  ’IM  inudc*  but  me  qiiiisl  IL  muJ  qttnsilSI  inuilci 
(Kcl  1 1  j.  '1  he  elceiiUMitiytiiClle  flrhUul  the  qiiuM  1  l.midqua^i  'I  M  inodck  have  iclativcly  kniall 
tudlliid  (.uiiijnjtjgiil'i  (In  liic  dileeliuj!  ul  Wavr  plupagatluli^  whicli  ate  hut  pieicht  Ih  the  la^e  ul  piiic  l  b 
muJ  TM  inudcj).  1  he  lutal  liitital  in  all  anlkutroj'iv/phuiai  waveguide  iv  the  Inode  •nutn  of  the  qUakl-ihodck 
of  the  waveguide,  Aitulhei  iuiikeiiticneG  id  the  aiiUuiiupic  ioiuii)dicte  hinjiidaty  of  the  waveguide  b  liiai 
the  inude  p.iiaiiictcis  (atteiiUiitluii  rate,  pluive  vcjuwliy,  extltalloh  fiii  tui,  niid  height  giiln  limvtlunj  tut 
depL'ti'Jciit  uii  kigiiiil  pH/piigtitluh  diictlluii.  1  lilkLauH'klhe  ku  Lalled  eukl  wcitcflCLt  in  the  Unicgti/VLI 
kighuU,  diktuvkctl  III  .Seeiluii  3,4. 
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5.4.1  Signal  Propagation  Characteristics 

The  sphcric.'il  geometry  of  the  El  waveguide  makes  mode  theory  based  Vl.F  signal  propagation 
prediction  algorithms  computationally  cumbersome.  However,  reasonably  accurate  signal  propagation 
predictions  have  been  obtained  using  a  first-order  approximation  for  the  spherical  shell  waveguide.  In 
this  approximation  (Refs.  1 1  and  21),  the  spherical  boundaries  of  the  waveguide  are  replaced  with  flat 
boundaries  and  the  refractive  index  of  the  propagation  medium  inside  the  waveguide  (which  is  actually 
unity)  is  replaced  by  tm  ajlificial  refractive  index  function  which  varies  linearly  with  height  above  the 
earth’s  .surface,  Wc  will  consider  below  a  parallel-plane  approximation  for  the  spherical  waveguide 
boundaries. 

Omega  transmillittg  antennas  arc  cflcctivcly  electrically  short  vertical  monopoles  located  at  the 
carth'.s  surlacc  and  they  excite  electric  fields  oriented  mostly  in  the  direction  perpendicular  to  the  earth’s 
surlacc,  'I  here  lore,  Oincga-rccciving  antennas  arc  cither  vertical  electric  dipoles  (called  whip  or  £-field 
antennas)  which  measure  the  vertical  electric  field,  or  loop  antennas  (called  //-field  antennas)  which 
iiiciisurc  the  horizontal  component  of  the  magnetic  field.  Note  that  the  vertical  electric  field  and  horizon¬ 
tal  inagiictic  field  arc  componcnl.s  arc  of  the  same  signal.  Although,  both  £-field  and  //-field  antennas 
jiicasurc  tl'ic  same  i.ignal,  there  are  operational  reasons  (outside  the  scope  of  this  chapter)  for  choosing 
otic  over  the  other  type  of  receiving  antenna. 

Wc  will  therefore  focus  our  discussion  in  this  section  to  the  reception  of  the  vertical  component 
of  the  electric  field,  ( rom  which  the  horizontal  component  of  the  magnetic  field,  if  desired,  can  be  readily 
ijbtailicd,  lleiicclorth,  in  this  chapter,  for  convenience,  we  will  use  signal,  signal  field,  field,  or  electric 
field  to  mean  the  vertical  component  of  the  electric  field  of  a  propagating  signal. 

5. 4. 1.1  Totiij  Signai  —  Recall  that  a  propagating  signal  in  a  waveguide  can  be  described  as  a 
sum  ()|  the  signals  of  the  modes  propagating  in  the  waveguide.  In  general,  an  infinite  number  of  modes 
can  propagate,  1  lowevcr,  in  practice,  only  a  few  lowcst-order  modes  are  needed  to  approximate  a  VLF 
signal,  especially  at  Omega  frequencies,  ^£^,,(^,2)  is  the  signal  ofthem'*^  mode  at  radial  distance  g  from 
source  (sec  l  ig,  5.4- 1 )  and  at  height  z  (above  the  earth’s  surface),  the  total  signal  at  and  z,  in  general, 
is  given  by  the  "phasor-sum,” 

TQ 

~  Eini(p,z)  (54-1) 

.1 

Note  that  both  and  E  are  phasors,  i.e..,  cat.,  .ius  an  amplitude  and  a  phase  and  thus  phasor  algebra 
iiiiisl  he  used  in  Ft],  5,4-1  (see  .Section  5,6), 
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Figure  5.4-1  Homogeneous  Earth-Ionosphere  Waveguide 


5.4.1.2  Individual  Mode  Signal — The  mathematical  steps  involved  in  deriving  the  individual 
mode  signal  equation  (Eq.  5.4-2)  are  tedious  and  can  be  found  in  Refs.  12and21.  In  a  homogeneous  and 
anisotropic  El  waveguide,  assuming  the  time  dependence  of  the  form  exp  the  signal  field  ^Zfn  at  a 
distance  from  the  source  and  a  height  z  is  given  by 


E‘zm(P )  2) 


-  G’vn  (^)  gxp  {-a,rfi  - 

h'  (fl  sin pfa)^^^ 


(5.4-2) 


where 


t/q  =  Characteristic  impedance  of  free  space 

Pe  =  Current  moment  =  1q£q-  (lo/40;r)  JlOPr 

1q  =  Source  cuixent  magnitude 

=  Length  of  the  source  dipole 
Pr  =  Radiated  power 

/  =  Signal  frequency 

Gvniz)  =  height -gain  function  of  the  ^-component  of  the  electric  field  of 
the  mode  evaluated  at  the  receiver  location  (p,^) 

Sff^  “  sin  Otfj 

6,n  =  Complex  angle  (eigenvalue)  of  the  mode 
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c 


Velocity  of  light  in  free  space 

Reference  height  of  the  ionosphere  reflecting  boundary 
Earth’s  radius 


h' 

a  = 

Az/n  =  Excitation  factor  of  the  z-component  of  the  field  of  the  m*  mode 
excited  by  the  source  (transmitter  antenna) 


«/«  =  {  Re  (sin  6^)  }  ]  =  Phase  velocity  of  the  mode  at  the 

earth’s  surface 

O-m  -  ^^0  {  Ini  (sin  6m)]  =  Attenuation  rate  of  the  mode  at  the 

earth’s  surface 

ko  =  2jiAq 

Ao  =  signal  v/avelength  in  free  space 
K  =  [l-  (h'/a)]-^ 

[a  sin  ig/a)]  =  Spherical  spreading  factor 


Note  that  Re  ( )  and  Im  ( )  are  the  real  and  imaginary  parts,  respectively,  of  the  complex  quantity  inside 
the  parentheses  ( ). 

We  will  now  discuss  the  following  items  related  to  the  signal  field  equations  (Eqs.  5.4-1  and 
5.4-2):  mode  parameters,  waveguide  modes,  phasor-sum,  and  spreading  factor. 

Mode  Parameters — The  signal  propagation  characteristics  of  a  mode  signal  are  fully  character¬ 
ized  by  the  four  mode-specific  parameters.  These  parameters  have  been  described  earlier  in  context  of 
an  isotropic  waveguide  in  Section  5.3;  they  are  briefly  reviewed  below: 

Attenuation  rate  (a)  —  the  spatial  rate  at  which  a  mode  signal  dissipates  (reduces) 
its  energy  in  the  waveguide. 

Phase  velocity  (u)  —  the  spatial  velocity  at  which  a  mode  signal  wave  front  appears 
to  propagate  in  the  waveguide. 

Excitation-factor  (A^)  —  a  measure  of  relative  efficiency  with  which  a  mode  signal 
is  excited  in  the  waveguide  by  a  source  or  received  by  an  antenna  in  the  waveguide; 
it  is  a  complex  quantity. 

High- gain  function  (G,fz))  —  the  variation  of  a  mode  signal  field  in  the  vertical  (z) 
direction  above  the  earth’s  surface. 
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In  Section  5.4.3,  the  terms  “phase  velocity”  and  “phase  velocity  variation”  mean  the  same  thing. 
Mathematically,  the  phase  velocity  variation.  Aw,  is  related  to  the  phase  velocity,  n,  by 

Am  has  units  of  centicycles*  per  megameter  of  the  signal  path  length.  Thus,  the  two  terms  are  related  to 
each  other  via  the  constants:  speed  of  light  in  free  space,  c,  and  the  signal  wavelength,  Aq).  Am  is  called 
the  phase  velocity  variation  because  it  is  a  measure  of  the  variation  of  u  from  the  free-space  speed  of 
light,  c. 


Waveguide  Modes  —  In  a  waveguide,  the  modes  are  numbered  with  an  integer  mode  index 
which  increases  according  to  the  increasing  value  of  the  phase  velocity  of  the  modes  in  the  waveguide. 
In  this  type  of  mode-numbering  system,  TM  and  TE  modes  are  the  even-  and  odd-numbered  modes, 
respectively,  of  the  waveguide,  and  Mode  1  is  the  lowest  phase  velocity  TM  (i.e.,  TMj)  mode.  Mode  1 
usually  has  the  lowest  attenuation  rate  and  highest  excitation  factor  amplitude;  as  a  result,  it  is  usually 
the  strongest  amplitude  mode  in  an  Omega,  signal. 

Therefore,  except  in  the  “near-field”  region  of  an  Omega  transmitting  station  and  for  paths  with 
certain  properties.  Omega  signals  are  adequately  approximated  by  their  Mode  1  components.  It  is  this 
approximation  feature  which  has  made  Omega  navigation  practical.  The  near-field  region  of  a  station 
typically  extends  from  the  station  up  to  radial  distances  of  1000  km  during  day,  and  2000  km  at  night.  As 
will  be  seen  in  Section  5.4.3,  certain  nighttime  paths  with  westerly-directed  segments  located  at  the 
lower  geomagnetic  latitudes  exhibit  signals  which  are  not  well-approximated  by  the  Mode  1  component 
of  the  signal. 

In  the  near-field  region  and  along  the  special  paths  refened  to  above,  2-4  modes  are  usually 
needed  to  approximate  an  Omega  signal.  Omega  navigation  is  therefore  not  recommended  in  the  near- 
■field  as  well  as  along  the  special  paths.  The  number  of  modes  needed  for  adequate  signal  approximation 
increases  as  the  signal  frequency  increases;  for  example,  typically  6-12  modes  are  needed  to  approxi¬ 
mate  a  signal  at  twice  the  Omega  frequency. 

Phasor-Sum  —  An  example  of  the  phasor-sum  of  a  multi-mode  signal  is  shown  in  Fig.  5.4-2.  For 
simplicity,  the  signal  is  assumed  to  be  composed  of  two  modes  (Modes  1  and  2)  whose  signal  field 


*A  ccnticyclc  (cec)  is  one-hundredth  of  a  cycle. 
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Figure  5.4-2  Example  of  Phasor  Sum  of  the  Signals:  E\  ^(py  and 


phasors*  are  E\  jL<pi  and  E\  Z.02-  Assuming  the  amplitude  and  phase  of  each  mode  (/  =  1,2)  signal  are 
Ei  and0,',  respectively,  the  amplitude,  Ej  and  phase,  ^7,  of  the  total  (mode-sum)  signal  are  given  by  the 
phasor-sum  expressions 

E?  =  [Fi  +  ^2  +  2£j£'2  cos  (p\  ^ 


_i  TFi  sin  0.  +  sin 

tan  ^  Ur* - x~-T-T-=^ - ^ 

I  Ey  cos  (py  +  £2  cos  02 

<p  =  (py—  (p2 


(5.4-4) 


When  the  signal  is  composed  of  many  higher-order  modes  (e.g..  Mode  2  and  Mode  3,  etc.),  the  phasor  £2 
4.02  can  be  thought  as  the  phasor-sum  01  these  higher-order  modes. 

Signal  Spreading  Factor  —  The  spherical  spreading  factor,  [a  sin  in  the  signal  field 

equation,  Eq.  5.4-2,  is  a  direct  consequence  of  the  spherical  geometry  of  the  EI  waveguide.  The  factor  is 
correct  everywhere  except  in  the  vicinity  of  the  source  as  well  as  near  the  source  antipode  (i.e.,  the  point 
geometrically  opposite  to  the  source  on  a  spherical  earth).  A  suitable  approximation  for  the  factor  near 
the  antipode  can  be  found  in  Ref.  10. 

The  signal  spreading  causes  the  so-called  “signal  focusing;”  we  will  present  a  heuristic  explana¬ 
tion  of  the  effect  of  the  factor  for  the  case  of  a  homogeneous  waveguide,  in  the  absence  of  the  geomagnet¬ 
ic  field  (Ref.  22).  In  such  a  waveguide,  as  the  signal  leaves  the  source  (transmitter),  it  propagates 
outward  from  the  source  in  circular  wave  fronts,  as  shown  in  Fig.  5.4-3.  Note  in  the  figure  that  as  the 


*The  phasor  notation  Ey  L(py  indicates  a  signal  with  amplitude  £1  and  phase  0i. 
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Figure  S.4-3  Propagation  of  Omega  Signals  on  a  Homogeneous, 
Isotropic  Spherical  Earth 


wave  fronts  travel  outward,  they  become  larger  and  larger  until  they  reach  the  “equivalent  equator”  (the 
equator  corresponding  to  a  source  at  the  North  or  South  Pole).  At  this  point  the  signal  energy  per  unit 
length  of  the  wave  front  (due  purely  to  geometry)  is  a  minimum.  Beyond  the  equator,  the  wave  fronts 
diminish  in  size  and  the  wave  front  energy  density  grows  until  the  wave  front  converges  at  the  source 
antipode.  This  increase  in  the  wave  front  signal  energy  between  the  source  equator  and  the  source  anti¬ 
pode  leads  to  signal  focusing. 

The  wave  fronts,  shown  in  Fig.  5.4-3,  are  circular  only  because  we  assumed  homogeneous  and 
isotropic  signal  propagation  environment.  In  reality,  however,  the  wave  fronts  are  substantially  non¬ 
circular,  due  to  Anisotropy  and  inhomogeneity  of  the  ionosphere  anu  the  non-uniform  distribution  of  the 
earth’s  surface  conductivity.  This  means  that  the  total  signal  does  not  re-focus  at  a  point  (the  source  anti¬ 
pode),  but  in  a  more  complex  fashion,  with  a  much  smaller  peak  for  the  signal  amplitude  than  at  the 
source.  An  example  of  the  signal  focusing  effect  can  be  seen  in  Fig.  5.5-3  in  Section  5.5.5. 


5.4.2  Mode  Signal  Characteristics 

This  subsection  first  presents  in  graphical  form  general  characteristics  of  selected  Omega  signal 
mode  parameters  as  functions  of  the  signal  path  properties  (see  Figs.  5.4-4  through  5.4- 11),  Followinga 
discussion  of  the  graphs,  a  broad  summary  of  the  general  characteristics  is  presented. 

The  graphs  are  provided  for  the  mode  parameters:  attenuation  rate,  phase  velocity,  and  excita¬ 
tion  factor  amplitude.  The  phase  velocity  mode  parameter  is  preseiitcu  in  two  fuiiiis:  (1)  phase  velocity 
variation  (cec/Mm)  in  Fig.  5.4-5,  which  is  [(zt^:)-!]  (IOO/Aq)]  where  u  is  the  mode  phase  velocity,  c  is  the 
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Figure  5.4-4  Mode  1  Attenuation  Rate  vs.  Geomagnetic  Bearing:  Day  and  Night  (Ref.  23) 
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Figure  5.4-5 


Mode  1  Phase  Velocity  Variation  [(h/c-1)  IOO/Aq]  vs.  Geomagnetic  Bearing: 
Day  and  Night  (Ref.  23) 
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Figure  5.4-6  Attenuation  Rate  vs.  Ground  Conductivity; 

Daytime  and  Nighttime  Modes  (Ref.  23) 
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Figure  5.4-7  Attenuation  Rate  vs.  Geomagnetic  Bearing: 

Daytime  and  Nighttime  Modes  (Ref.  23) 
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Figure  5.4-8  Excitation  Factor  Amplitude  vs.  Geomagnetic  Bearing 
for  Daytime  and  Nighttime  Modes  (Ref.  23) 
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Figure  5.4-9  Daytime  and  Nighttime  Mode  I  Attenuation  Rate  vs.  Ground 
Conductivity;  10.2,  11.33,  1 3.6  kHz  (Ref.  24) 
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Figure  5.4-10  Daytime  aiiU  .NiKtitlliitc  Mode  1  i'hiiiC  Vf!i  iwily  I  Jw  VlutiOil  (I’i/i 
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Figure  5.4-12  Geomagnetic  Latitude  Contours  (Ref.  5) 

•  TE  mode  attenuation  rate  is  virtually  independent  of  the  ground  conductivity. 

•  TM  modes  have  generally  lower  attenuation  rates  than  TE  modes  for  most  common 
ground  conductivities,  but  have  higher  attenuation  rates  over  low-conductivity 
regions  such  as  in  Greenland/Antarctica  and  much  of  Canada  (see  Fig.  5.4-6). 

•  TM  mode  attenuation  rates  increase  with  decreasing  ground  conductivity  and 
exhibit  a  broad  maximum  near  the  pseudo-Brewster  angle  (see  Section  5.7)  on  the 
ground  and  then  decrease  with  further  decrea.se  in  the  conductivity;  the  pseudo- 
Brewster  angle  peak  occurs  at  higher  conductivity  values  for  higher  frequencies 
(sec  Fig.  5.4-9,  and  Refs.  31  and  32).  For  example,  at  10.2  and  13.6  kHz,  the  mode 
attenuation  rate  peak  occurs  over  the  conductivity  range  of  3x10“^  —  10"^  mho/m 
(fresh-water  ice)  and  3x10^  —  10^  mho/m  (tundra),  respectively. 
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•  For  common  ground  conduclivilies,  excitation  factor  atnplitudc  is  usually  higher 
for  TM  modes  than  for  TE  modes  (see  Fig,  5,4*  11 );  as  a  result.  Omega  transmiiting 
antennas  excite  TM  modes  much  more  strongly  than  TH  modes.  Within  categotics 
of  TE  and  TM  modc.s,  higher-order  modes  arc  excited  more  btroiigly  than  lowci  * 
order  modes. 

•  For  common  ground  conductivities,  phase  velocity  of  modes  usually  dctrc.ises 
conductivity  decreases  (Refs,  23  and  25), 


Geomagnetic  Field  Effects 

•  During  the  daytime,  parameters  of  all  modes  show  little  variation  vsilh  geomagnetic 
latitude  or  path  azimuth  (see  Figs.  5.4-4  through  5,4-1 1 ;. 

•  At  night,  parameters  of  all  modc.s  show  little  geomagnetic  l.ilitiide  vaiiuiion  lot 
easterly  path  azimuths,  but  a  strong  laiitiiJina!  variation  for  westerly  path  a/iiiiutli  * 
(see  Figs.  5.4-4  through  5,4-11). 

•  Attenuation  rate  of  most  modes  is  usually  grcatcifoi  west  than  cast  (see  Figs,  5,4  4, 
and  Refs  31  and  32),  the  ‘‘east-west  effect," 

•  Mode  parameters  of  TM  modes  exhibit  a  reversal  in  tlieir  usual  liciids  lot  the  west 
erly  path  azimuths  over  a  small  band  of  geomagnetic  lalitudes  aiouiij  (he  geoiiiii)/ 
netic  equator  (see  Figs,  5,4-4,  .5.4-5,  and  Kcis,  31  and  32),  lor  example,  see 
Fig,  5,4-5(b)  for  the  reversal  in  the  phase  velocity  trend  over  the  laliludes  helwecii 
0  and  4  deg. 


Mode  1  Frequency*  Dependence 


For  common  ground  conductivities,  attenuation  rale,  phase  vel(,ciiy.  and  exiiiaiion 
factor  amjditudc  usually  decrease  with  iiicrcasirig  f/cqueiisy  (see  Figs.  5,4  V 
through  5,4-11) 


For  low  ground  conduclivilies  (i.i:.,  *• ''Vi-'v t'  ! w'  ^  iiihw'/ 

m),  frequency  dependence  trends  of  mode  parameteis  luc  mixed  (see  Figs,  5,4  y 
through  5,4-1 1), 


Ionospheric  Effects 


TM  modes  arc  generally  more  strongly  e.xcilcd  (liighci  excilation  lu'.  lui  iimplitudL; 
than  TE  modes  (see  Fig,  5.4-S), 

Attenuation  rates  of  most  inodes  for  easterly  paths  a/imuihs  aie  highei  duniig  the 
day  than  at  night  (sec  Figs,  5,4-4  arid  5,4  7), 


*Ovcr  Omega  signal  frequencies. 
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'Jlic  ilniml  j'lojianalloii  iliuhu U'lisllt s  along  the  iij»|'io,Miiiu!cd  vviivcgoide  tan  Him  be  toiivcnlciilly 
yblttlned  by  ti)'|tlylng  (be  lullowlng  (lii<‘''*s(cj*  n|'|'i<»at’|i 

I,  fsolvt  ilic  iiiode  u)na!|uii,  1 1|  ,>  d  J|,  (mi  (be  el|/*‘nvalues  id  (be  ficlei  icd  iiiddcs  In 
fa!.b  liMiiiijgriicuiis  scr'iiii'ni  and  deieimlm  the  tinirsi'oiiding  iiiodt  |)aiiiiiic(cis 
lioni  the  clg'  /ivaliic*  as  |h'!  dhuussioiis  In  .Se4'!lii)i  S  4 

t:  bx|H<,'ss  iljij  liiial  ilnijal  III  t'aiJi  htgiiien!  iis  a  jdiasui  siijn  ul  llie  signals  ui  (be 

Stkwled  th'idek,  as  |M'i  I  q  ^,4  | 

,1.  (Ibiaiii  till  signal  |i|M|iiu;iilliu!  Ill  till'  ii)')'!i.xliiiMt<;il  ssasegiiidr  by  "tuiineilliig"  (be 
iielylibMiliig  sL'giiieiii  signal  b'.bls  loaeLuiiiit  joi  tin  ('(b'tts  ol  iiihmattb  in  Die  jnitli 
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llie  ill'  111^111  signal  i  iiiig)  being  i  a/iiei!  by  n  a  ides  S'lb'isw  eigi  iisalo',  s  diHei  Imiih  tliuse  ul  (lie  me  n  lent 


signal;  as  a  result,  the  relative  distribution  of  the  signal  energy  among  the  component  modes  is  different 
for  the  incident  and  transmitted  signals  at  an  interface.  This  phenomenon  is  known  as  mode  conversion 
for  scattering)  of  signal. 

A  conceptual  illustration  of  the  mode  conversion  occurrence  at  an  interface  between  the  neigh¬ 
boring  segments  (1)  and  (2),  with  dissimilar  path  properties,  is  shown  in  Fig.  5.5-1.  In  this  illustration, 
the  incident  and  transmitted  signals  are  assumed  to  be  composed  of  Modes  1  and  2  only,  and  reflected 
bigniils  arc  assumed  to  be  zero.  and  E'j^  (k  =  1,2)  are  the  complex  (phasor)  values  of  the  incident  (i) 
and  transmitted  (/)  mode  signals  associated  with  mode  at  the  interface;  Sjk,  is  the  complex  mode  con¬ 
version  (or  scattering)  coefficient  which  is  the  ratio  of  the  amplitude  of mode  of  the  transmitted  signal 
and  the  amplitude  of  mode  of  the  incident  signal.  Note,  in  Fig.  5.5-1,  that  as  a  result  of  the  mode 
conversion,  the  relative  energy  distribution  bet  x'een  Modes  1  and  2  of  the  transmitted  signal  is  different 
than  those  of  the  incident  signal. 

For  signal  paths  where  the  path  properties  are  such  that  the  mode  eigenvalues  vary  slowly  along 
the  waveguide,  the  mode  conversion  effects  at  the  segment  interfaces  arc  usually  negligible  and  can  be 
ignored,  That  is  to  say  Sjk  «  0  foryV  k  in  Fig.  5.5-1.  In  other  words,  there  is  no  significant  exchange 
(re-distribution)  of  energy  among  the  modes  at  the  mismatch  interface.  It  is  therefore  reasonable  to 
compute  signal  field  along  such  an  inhomogeneous  waveguide  using  the  homogeneous  waveguide  sig¬ 
nal  field  equation,  Eq.  5,4-2,  with  the  use  of  the  “average  values”  for  both  the  attenuation  rate  and  phase 
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Figure  5.5-1  Mode  Conversion  Phenomenon  Occunence  in  a  Two-Mode 
Signal  (Reflected  Modes  are  Not  Shown) 


5-40 


velocity  of  the  individual  mode  signals.  That  is,  for  a  waveguide  composed  of  N  homogeneous  seg¬ 
ments  each  of  Aq  in  length,  the  average  attenuation  rate,  average  phase  parameter,  Ym ,  of  the 

mode  are 


ctm 


■  N 

^  o-mn 
/i  =  l 


ym= 


N 

^  Ymn  Aq 


L/i  =  1 


where  andy,„„  are  the  attenuation  rate  and  phase  parameter,  respectively,  of  the  mode  along  the 
segment. 

Furthermore,  the  transmitter  and  receiver  locations  may  have  different  path  properties,  including 
the  ionospheric  reflection  height  which  may  be  different  due  to  differing  solar  illuminations  at  the  loca¬ 
tions.  Therefore,  the  excitation  term, and  the  ionospheric  reflection  height,  h',m  the  homogeneous 
waveguide  signal  equation,  Eq.  5.4-5,  must  be  modified  to  include  the  effects  of  both  the  transmitter  and 
receiver  locations  properties  on  the  excitation  factor  and  waveguide  height,  as  described  below 
(Refs.  7  and  8): 

Replaced  by 


h'  Replaced  by  /(/i')'  {h'Y 


where  the  superscript  t  and  r  refer  to  the  transmitter  and  receiver  locations,  respectively.  The  result  is  a 
WKB*-type  approximation  (Refs.  5  and  21)  signal  field  equation  given  below  for  the  mode  of  the 
signal  propagating  along  the  inhomogeneous  waveguide; 


EzmiQtZ) 


sin  (p/a)]*^^ 


exp  A 


z 


n  —  1 


[  i}  Ymn  ^mrd  r 


(5.5-1) 


The  total  signal  in  the  inhomogeneous  waveguide  is  determined  by  the  phasor-sum  of  the  individual 
mode  signals,  as  described  by  Eq.  5.4-1. 


*Wenzel-Kramers-Brillouin. 
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For  paths  where  mode  eigenvalues  are  expected  to  change  greatly  along  the  waveguide,  the  sig¬ 
nal  cannot  be  adequately  calculated  using  the  WKB  approximation,  For  such  paths,  mode  conversion 
effects  must  be  included  in  the  signal  calculations.  Examples  of  greatly  changing  mode  eigenvalues  are: 

1.  At  the  sunset  or  sunrise  terminator  crossing  along  a  path  where  the  ionospheric 
properties  change  greatly 

2.  An  abnipt  change  in  ground  conductivity  along  a  path,  such  as  from  sea  water  to  icc 

3.  Along  nighttime,  westerly-directed  (path  azimuth  between  1 80  and  360  deg)  seg¬ 
ments  located  inside  the  geomagnetic  equatorial  belt  (i.c,,  between  ±  10  deg  of 
geomagnetic  equator). 

We  will  now  illustrate  in  Fig.  5,5-2,  the  spatial  variations  of  the  daytime  and  nighttime  mode 
parameters  and  associated  rc.sultant  signals  along  the  signal  path  from  the  Hawaii  Omega  station  to 
Guam.  For  the  example  path,  both  the  daytime  and  nighttime  signals  arc  assumed  to  be  composed  of  the 
first  two  lowest-order  modes:  Mode  1  (TMi  mode)  and  Mode  2  (TEi  mode).  In  the  figure  note  that,  a.s 
expected:  (1)  for  each  path  illumination  condition.  Mode  1  ha.*:  the  lowest  attenuation  rate  as  well  as 
lowest  phase  velocity,  and  (2)  Mode  2  (higher-order  mode)  is  excited  relative  to  Mode  1  less  strongly  in 
day,  and  more  .strongly  at  night.  In  this  example,  the  mode  parameters  vary  slowly  along  the  path,  How¬ 
ever,  in  general,  they  can  vary  greatly  depending  upon  the  path  properties,  For  the  example  jiaih,  the  total 
signal  is  basically  Mode  1  during  day;  while,  at  night  it  is  mostly  Mode  2  for  up  to  distances  of  about  2 
megameters  from  the  station,  when  it  changes  to  the  combination  of  Modes  1  and  2.  The  signal  ampli- 
tude/pha.se  vary  gradually  with  distance  during  day  but  they  exhibit  o.scillatory  behaviors  during  night, 
The  oscillatory  behavior  is  due  to  “modal  interference”  phenomenon  discussed  in  the  next  siib.scction, 

5.5.2  Modal  Interference 

An  Omega  signal,  as  previously  mentioned,  consists  of  many  modes,  Except  along  patlis  with 
certain  properties,  and  tho.se  inside  the  near-ficld  region  of  the  station,  the  signal  amplitude  along  most 
paths  at  most  times  is  dominated  by  the  signal’s  Mode  1  component.  The  resulting  signal  is  referred  to  as 
aMode  1  dominated  signal.  In  other  words,  the  Mode  1  amplitude  is  much  stronger  Ilian  the  ampliiiidc  of 
the  phasor-sLim  of  the  higher-order  modes  (c.g..  Mode  2,  Mode  3,  etc.)  and  iliii.s  the  presence  of  the 
higher-order  modes  in  the  signal  can  be  effectively  ignored  witliout  any  noticeable  ctiui  in  the  rcisiilling 
signal  charactcri.stics. 

The  ncar-ficld  region  of  a  station  is  a  region  where  the  signal  is  composed  of  .several  Miong- 
amplitudc  modes,  The  region,  as  mentioned  earlier,  extends  outward  frum  the  station  iij)  to  500  to 
1000  km  when  the  region  is  in  daylight  and  increases  usually  to  1000  2000  km  when  the  region  goes 
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Figiire  5,5-2  Predicted  Spatial  Variations  of  Omega  Signal  Mode  Parameters  and 

Associated  Signal  Am])litudc/Phasc  along  Hawaii-to-Guam  Signal  Path: 
10,2  kHz  and  Daytinic/Nighltimc  Illumination  (Ref,  3) 
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Phase  Variation  froin  Nominal  (cycles) 


into  darkness  (night).  Requiring  special  consideration  are  westerly  directed  paths  with  nighttime  or  tran¬ 
sition  illumination  conditions.  These  are  typically  the  radial  paths  emanating  from  a  station  (especially 
if  located  near  the  geomagnetic  equator,  such  as  the  Hawaii,  Liberia,  and  Japan  Omega  stations),  with 
geographic  bearing  angles  between  about  210  and  330  degrees  at  the  station. 

Omega  navigation  is  predicated  on  the  assumption  that  received  Omega  signals  are  Mode  1  dom¬ 
inated  signals.  Therefore,  an  Omega  receiver  adjusts  the  measured  phase  of  a  received  signal  using  a 
Mode  1  phase  model  (see  Chapter  9)  so  that  the  adjusted-phase  of  the  signal  closely  matches  the  refer¬ 
ence  phase  derived  from  a  linear  phase  vs.  distance  model  embodied  in  the  Omega  navigation  receivers. 
The  lack  of  Mode  1  dominance  in  a  signal,  thereby  not  e.xhibiting  the  expected  Mode  1  signal  behavior, 
is  called  modal  interference  and  the  associated  signal  is  referred  to  as  being  a  “modal”  or  “modally- 
disturbed”  signal.  Thus  a  modal  signal  along  a  path  is  described  by  either  of  the  following  two  character¬ 
istics  (Ref.  26); 

1.  Composed  of  several  competing  strong-amplitude  modes  (which  may  or  may  not 
include  Mode  1)  which  may  alternately  dominate  the  signal  on  different  segments 
of  the  path,  as  shown  in  Figs.  5.5-3  and  5.5-4.  Because  of  differing  phase  velocities 
of  the  modes,  the  signal  amplitude/phase  of  the  modal  signal  exhibits  oscillatory 
behavior  with  distance. 

2.  Dominated  by  a  single  mode  other  than  Mode  1  (e.g.,  Mode  2  or  Mode  3)  outside  the 
station  near-field  region,  as  shown  in  Fig.  5.5-5.  In  this  case,  the  phase  is  expected 
to  vary  linearly  with  distance  (i.e.,  constant  wave  number*  for  the  mode);  however, 
the  wave  number  can  be  significantly  different  from  that  of  Mode  1. 

In  either  type  of  modal  signal,  the  phase  can,  and  usually  does,  significantly  differ  from  that  of  the 
Mode  1  phase  and  thus  a  modal  signal  is  unsuitable  for  use  in  Omega  navigation. 

In  all  of  the  three  modal  signal  examples,  the  signal  behaviors  are  predicted  by  assuming  that  the 
signal  is  composed  of  the  first  four  lowest-order  modes.  The  paths  in  Figs.  5.5-3  and  5.5-5  are  nighttime 
paths,  while  the  path  in  Fig.  5.5-4  is  a  mixed-illumination  path.  In  Fig.  5.5-3,  note  that  the  signal  is 
modal  (dominated  by  Mode  3)  for  distances  of  up  to  about  five  megameters  from  the  transmitter  and 
then  beyond  these  distances,  the  signal  is  non-modal  and  its  wave  number  is  almost  the  same  as  the 
Mode  1  wave  number.  In  this  example,  note  that  the  increase  in  signal  amplitude  beyond  ten  megame¬ 
ters  from  the  transmitter  is  due  to  the  signal  focusing  effect  discussed  earlier. 

In  Fig.  5.5-4,  the  signal  is  dominated  by  its  Mode  1  along  the  day  and  transition  segments  of  the 
path,  and  Modes  1  and  3  along  the  nighttime  segment  of  the  path.  This  is  an  example  of  the  day  to  night 

*Thc  wave  number  is  the  same  as  the  wave  propagation  constant,  k. 
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Figure  5.5-3  Example  of  Predicted  Oscillatory  Modal  Interference  Behavior:  13.6  kHz 
Signal  along  Nighttime  Radial  at  Geographic  Bearing  of  105  deg  from 
Liberia  Omega  Station  (Ref.  26) 


transition  crossing  along  the  path  producing  mode  conversion  effects  in  the  signal  due  to  rapidly  chang¬ 
ing  ionospheric  properties  in  the  transition  region.  As  a  result,  there  is  no ,  Mode  3  of  the  magnitude 
comparable  to  Mode  1,  and  hence  the  signal  along  the  nighttime  segmert '  modal. 

In  Fig.  5.5-5,  the  signal  is  dominated  along  most  of  the  path  b^  .  ode  2  and  as  a  result  the  wave 
number  of  the  signal  differs  significantly  from  that  of  the  Mode  1  wave  number.  This  kind  of  signal 
structure  frequently  happens  along  westerly-directed  nighttime  paths. 

Examples  of  non-modal  signals,  outside  the  station  near-field  region  are  shown  in  Fig.  5.5-6(a) 
for  a  day  path  and  Fig.  5 .5-6(b)  for  a  night  path.  These  paths  show  the  signal  behavior  typically  observed 
along  most  worldwide  Omega  signal  paths. 


Modal  interference  at  a  path  point  is  characterized  as  being  “spatial”  or  “temporal”  depending 
upon  the  solar  illumination  condition  along  the  path  between  the  station  and  the  path  point.  Modal  inter¬ 
ference  during  the  day  (or  night)  illumination  condition  along  a  path  is  classified  as  spatial  interference 


5-45 


Distance  from  Transmitter  (Mm) 


(a)  Amplitude  (b)  Phase 

Figure  5.5-4  Predicted  Mode  Conversion-Induced  Modal  Interference:  10,2  kHz  Signal  at 
24  UT  in  August  along  Radial  Path  at  310  deg  Geographic  Bearing  from  Japan 
Omega  Station  (Based  on  Data  Generated  in  Ref.  27) 


if  the  degree  of  the  interference  at  each  path  point  is  nearly  the  same  during  the  day  (or  night)  hours  along 
the  entire  path  (and  thus  depends  only  on  spatial  coordinates).  The  spatial  interference  is  generally  larger 
in  magnitude  and  persists  to  longer  distances  along  a  signal  path  during  night  than  in  day.  This  can  be 
seen  by  comparing  amplitude/phase  vs.  distance  behavior  of  the  daytime  and  nighttime  signals  along  the 
path  in  Figs.  5.5-6(a)  and  5.5-6(b).  Furthermore,  the  spatial  modal  effects  are  generally  more  severe 
both  in  magnitude  and  (spatial)  extent  along  nighttime  paths  emanating  from  the  Omega  stations  located 
at  low  geomagnetic  latitudes.  Examples  of  such  Omega  stations  are  Liberia,  Hawaii,  and  Japan. 

An  example  of  the  predicted  temporal  interference  at  a  fixed  location  is  shown  in  Fig.  5,5-7.  The 
figure  shows  a  diurnal  plot  of  the  predicted  signal  amplitude  of  the  Liberia  Omega  station’s  10.2  kHz 
signals  received  at  the  prediction  point,  P,  which  is  ten  megameters  from  the  station  along  great-circle 
radial  path  emanating  from  the  station  at  the  geographic  bearing  of  240  deg.  The  signal  path  undergoes 
sunrise  (and  sunset)  transition  between  the  UT  hours  when  the  sunrise  (and  sunset)  moves  from  Liberia 
(L)  to  the  prediction  point  (F).  Note  in  the  figure,  the  signal  is  non-oscillatory  for  the  UT  hours  corre¬ 
sponding  to  all  -day  or  all-night  solar  illumination  conditions  along  the  path;  and  it  becomes  oscillatory 
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Figure  5.5-5  Predicted  Severe  Modal  Interference  by  Higher-Order  Mode  Dominance: 

13.6  kHz  Signal  along  Nighttime  Radial  Path  at  Geographic  Bearing  of 
300  deg  from  Omega  Hawaii  Station  (Ref.  26) 


for  the  UT  hours  for  which  the  path  has  sunrise/sunset  transition  along  i  t.  An  examination  of  the  underly¬ 
ing  mode  structure  of  the  signal  (not  shown  in  the  plot)  reveals  that  the  signal  is  a:  (1)  predominantly 
Mode  2  signal  for  all-night  path  conditions,  (2)  combination  of  competing  amplitude  Modes  1  and  2 
during  transition  illumination  conditions  along  the  path,  and  (3)  predominantly  Mode  1  signal  for  all¬ 
day  path  conditions.  The  transidon  path  behavior  is  caused  by  signal  mode  conversion  at  the  sunrise/ 
sunset  transition  along  the  path. 


As  mentioned  earlier,  Omega  navigation  is  based  on  the  assumption  that  the  received  signal  is  a 
Mode  1  dominated  signal.  However,  there  is  no  practical  way  for  a  receiver  to  determine  from  measutc- 
ments  alone  if  the  signal  is,  or  is  not,  a  predominantly  Mode  1  signal.  Therefore,  a  priori  information  is 


;ded  on  the  modal/non  modal  characterization  of  Omeca  signals  prior  to  their  use  in  Omega  position- 


fix  computations;  otheiAvise  the  computed  fix  could  be  insignificant  error. 
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Figure  5.5-7 
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5.5.3  Omegii  Signiil  I'ruiMigiilluii  ClMiriK'tfiUiki  Uvervirw 

This  subsection  summiul/cs  the  expected  churwcteilsllcs  ul  Omega  slgmiN  r  J  lie li  ium|"tiiei)l 
modes  (sec  Chapter  H);  Kcl's,  26  tind  28  through  .30;  'I  hr  thiiiiitirilstii  s  aie; 

1,  Omega  signal,  in  general,  Is  a  imiltl  mode  signal,  h"wcvci,  Mode  ],  i|i<j  |  iwcst 
order  transverse-magnetic  (TM;  mode,  Is  lieqiienily  iiic  sliongi'st  a  iipliiiide  inoJc 
of  the  signal, 

2,  Higher-order  modes,  cumpaied  to  Mode  I ,  have  gieaiei  slgmd  aiu  iiiiiilloii  talc  mid 
thus  attenuate  rapidly  wiih  increasing  disi.mee  (lum  a  slallon,  alilioijgli  they  me 
usually  more  strongly  excited  at  tlie  station. 

3,  Mode  1  signal  aticnuuilon  late; 

a.  Is  lower  at  liiLdici  (Jmega  tici|uciicles,  c.y...  altenuuliuii  late  Is  uiu  dly 
highest  at  10,2  KM/  and  lowest  at  13,0  Kll/, 

b.  Is  lower  during  night  than  duilngilay,  and  Is  liibclween  Hit*  day  and  nlghi 
values  dining  transiilon, 

c.  Incieases  greatly  with  decTc.isiny  gioimd  cundiiciivliy;  li  Is  lowtsi  ovei 
sea  walci  (tlie  highest  condiictivriy  i"gloii)  and  liighest  ovet  iicsli  wnlei 
ice  and  pcin!a!io;,l  legions (sii4.h  as  In  ( iiev(daiid/Amai!.tii,a  anil  ie.'!!hi.i  n 
Canada), 


d  tililglicf  tuwfuilthc  M'olllinnluWflrd  the  cn>>t  which  leads  to  the  cast-west 
cffct't,  which  U  often  ntuicd:  "ctisl  Is  ciwy.’' 

c,  Ishlghci  In  llicctjujiloiitil  hell  (hcl ween  i  1 0  deg  Bconiiignclic  latitudes) 
ttluiig  wcgtetly  diic'clcd  path  scgiiicnis, 

4.  A  statioii  slgitiil  Is  iiKidiil,  hiis  sigitificnnt  ntodiil  inicrrcrcncc  effects,  whenever 
the  kjgiial  it  contpoicd  of  rllhctt 

A,  Scsctnl  cutnpeting  ktrong'niiioliliidc  inudes  and  the  rcsiiliing  interfer¬ 
ence  riiiifilfckts  Itself  ns  <4tinsl oscilhitory  variations  in  the  amplitude/ 
phateof  the  itMidtd  sigtuil  ns  ii  fitnctionuf;  ( ! )  time  at  a  fixed  loeatiun,  and 
(2;  dlstniicC  ulung  fudial  path  from  the  ktatiun  at  a  fixed  time. 

b.  A  siniile  hlnliri  oidei  (ic..  non-Mode  1)  doniinani  mode;  the  signal 
tiinpliiudi'/phiisc  hriinsior  of  such  a  modal  signal  is  non-oscillatory  in 
disiiiiicc  hill  is  olicii  uiisiahic  In  lime  due  to  the  liiglici  sensitivity  of  the 
highei  oidci  modes  to  tcmpoinl  ionospheric  variations. 

P,  An  Umcgti  station  signal  jt  usually  modal: 

ti  ill  (he  station  iicni  licld  icglon  which  typically  extends  from  (he  station 
up  (u  disuui'.cs  ul  5UU  1000  f,ni  during  day  and  jOUO  2000  km  at  night. 

b,  Along  paths  having  the  bdlowing  comlrinulion  of  path  properties; 
iilglillliiie  illuniliiailoii,  westerly  path  n/,imuths  (bCiWeen  180  and 
300  deg  I,  and  low  g  omagnciu  iaiitudcs  (hclv'cen  ±  10  deg). 

c,  At  and  in  close  vkliilly  of  the  day/niglit  terminalui  crossing  along  a  path. 

0,  A  siaiioii  signal  m.iy  lie  a  long  path  cigiiul  (i.e.,  the  long-path  cuiiiponcnt  of  the  sig¬ 
nal  Is  stioiigci  than  Us  shut l-palh  component)  whenever; 

ii  'I  lie  iccc’l  ver  Is  west  of  the  station  and  therefore  the  short-path  component 
may  he  much  mt/ie  attenuated  than  the  long-path  component. 

•),  llic  long  path  Is  composed  of  mostly  the  high  ground  conductivity 
legions  (e.g.,  sea  water  und  land)  and  the  short  path  incliidc.s  low- 
coMilui  ilviiy  legions  (c.g.,  (Jiccniand/Antarctica);  and  thus  the  .short- 
paiii  componcin  may  be  much  more  attenuated  than  the  long-path 
component. 

c,  1  he  long  path  component  includes  the  entire  nighttime  hemisphere,  und 
coiivcisely,  the  short  path  is  an  all  day  path;  as  a  result,  the  short-path 
cimipoiicnl  iiiay  I'c  much  sveakcr  thun  the  long-path  component. 


'I  licsc  signal  sliaiactciluics  i's  luiicliuns  of  path  pi openies  should  prove  useful  to  the  reader  in 
dclciiiiliiulloii  ul  the  poiciiiial  useluliic'ss  o|  a  given  Omega  station  signal  fur  navigation. 


APrKNDIXi  I(LI  IsHLNCIsMAll  KfAL 

'I  hi',  iippciidix  jiicscnts  iciciciicc  iiiatciial  pcitaining  to  (i////.V(//if/(//mc/(.v/o/i,v  of  electromagnetic 
((iiaiilllii  ■»;  ii  iil'io  iiilioduLC's  the  malliciiialical  tools  U’lCd  in  this  chapter  to  descrihe  the  clcclromagnelic 
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field  propagation  concepts  and  mechanisms  (c.f.  Refs  3  and  19).  The  tools  are  vector  analysis  and 
complex  notation  for  harmonic  (sinusoidal)  time  varying  electromagnetic  field  quantities. 

In  this  chapter,  scalars  are  denoted  by  italic  Greek  or  italic  English  characters  such  as  a,  6,  e,  or  E\ 
vectors  are  represented  by  bold  Greek  or  bold  English  characters,  such  as  H,  or  e;  while  matrices  are 
represented  as  upper-case  roman  English  characters,  such  as  R  Roman  English  letters  are  used  for  mul¬ 
tiple  character  symbols  that  refer  to  standard  functions,  such  as  sin  j:,  while  numerical  digits  are  always 
roman.  Subscript  and  superscript  variables,  except  for  numerical  digits,  and  coordinate  axes,  appear  in 
italics. 


5.6.1  Units  and  Dimensions 

A  measurement  of  any  physical  quantity  must  be  expressed  by  a  number  followed  by  a  unit.  In 
this  chapter  we  use  the  rationalized  MKSA  system  of  units,  also  referred  to  as  the  rationalized  Interna¬ 
tional  System  of  Units  (Sl-units).*  In  this  system,  the  quantities  length,  mass,  time,  and  current  are 
expressed  in  meters  (m),  kilograms  (kg),  seconds  (s),  and  amperes  (A),  respectively.  From  these  units 
and  the  velocity  of  light  in  free  space,  it  is  possible  to  derive  all  other  units  used  in  this  chapter. 

5.6.2  Vector  Analysis 

In  the  study  of  electromagnetics,  a  great  saving  in  complexity  of  notation  is  accomplished  by 
using  the  notation  of  vector  analysis.  This  section  introduces  vector  notations  and  presents  vector  opera¬ 
tions  used  in  this  chapter;  the  derivation  of  the  results  can  be  found  in  any  electromagnetics  textbook. 

5.6.3  Definitions 

A  scalar  is  a  quantity  that  is  completely  specified  by  its  magnitude,  positive  or  negative,  together 
with  its  unit.  Example  of  scalars  are  mass,  time,  charge,  energy,  etc.  A  simple  extension  of  the  idea  of 
scalar  is  a  scalar  field,  i.e,,  a  function  of  position  which  is  completely  specified  by  its  magnitude  at  all 
points  in  space. 

A  vector  is  a  quantity  which  is  completely  specified  by  its  magnitude  and  direction,  and  is 
denoted  by  boldface  symbols,  e.g..  A,  B,  e.  Force,  velocity,  acceleration,  electric  and  magnetic  field 
intensities  are  examples  of  the  vector  quantities.  The  generalization  to  a  vector  field  gives  a  function  of 

*An  equivalent  system  is  the  rationalized  MKSC  system  which  uses  the  coulomb  (ampere  x 
second),  in  place  of  the  ampere,  as  the  basic  electrical  unit.  The  system  of  units  is  said  to  be 
rationalized  because  the  factor  Azt  does  not  appear  in  Maxwell’s  equations  (the  fundamental 
postulates  of  electromagnetism). 
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position  which  is  completely  specified  by  its  tnagnitude  and  direction  at  all  point*  In  space.  A  vector  I* 
graphically  represented  by  a  directed  straight-line  scgincm  of  a  length  equal  to  the  niagnliiuk  of  the 
vector  with  its  arrowhead  pointing  in  the  direction  of  the  vector,  as  shown  in  lig.  5,0  I , 

Vector  Sum  uml Difference  —  'I  wo  vcctoi.s  arc  added  by  placing  tlic  tail  ol  one  vccitir  at  d.c  head 
of  the  other,  the  sum  being  represented  by  an  arrow  from  the  tail  of  the  first  to  the  head  of  the  second, 
This  i.s  illustrated  in  Fig,  5.6-2(b)  for  the  two  vectors  shown  in  I -ig,  5,6  ^(a)  The  negative  uf  a  vcclui  Isa 
vector  of  same  magnitude  pointing  in  the  opposite  ditcciion,  To  subiraci  one  vccioi  liuin  aiioihii  is  the 
same  as  adding  the  first  vector  to  a  negative  of  the  second  vector.  This  is  illusiraicd  in  lig,  5,6  fui 
the  two  vectors  shown  in  F'ig,  5,6-2(a), 


In  dealing  analytically  with  vectors,  it  is  convenient  to  refer  lliciii  l<i  suiiic  un.liognniil '  cuuidl 
natc  system.’’  There  are  a  number  of  oriliogoiial  coordinate  sysicnis;  we  shallliiiiituui  sylve  siulhc  //gZ/r 
handed'^  Curtemtn  (rectangular)  cuordinate  systetn,  where  a  vector  is  a  sum  ul  lliiec  'Vuiiipoiiciil 
vectors"  directed  along  the  .v.y,  and  ;  axes,  respectively,  Let  X ,  ,v ,  and  /,  be  thiec  such  uilliogomd  cumpo 
nent  vectors  with  unit  magnitude  (called  anit  vector  a),  as  shown  in  I  ig.  5,6  3,  'I  he  vectoi  A  can  then  be 
expressed  as 

A  »  X  Aj  -t-  y  z  A4 


rigiire  5.6-1  (jiaj>lii«;al  Kcpm-sCDtailon  of  Vcclui 


Mgui  e  5.6-2 

_  _ 


Sum  and  hifleiciicc  oj  I  wo  Vcclui  *, 


*  Ihc  coordinate  system  is  said  to  lie  right  hanileil  II  miallnii  ol  ilu’  x  iish  Into  ihf  \  tiMs  vmiiiM 
iulvaiicc  a  a  righl-liaiidcd  scicw  in  the  |i<>silive  diici.lioi!,  Il  |iji/ii|oii  svoultl  iidsnii' c  a  lighl 
luuuled  screw  in  the  negative  ;  diiecliuii,  (he  cuuidiuale  sysieui  i*-  said  In  be  leji  hiaiilnl 


I  IglM  l- 


hikI  A^  uic  llic  itruJcLllitiu  ol  Uic  vcciui  A  on  the  (hicc  Louidiiiaic  uxc!)  (a,  y,  tind  :.) ,  '1  he 
itulai  Ay,  and  A^  me  ictciicdi<i«<*il!e  tnlungufat  oi  Cof  itilfin  i'uni/‘f/ncni^  vt\Uc  vector  A, 

't  he  iiingnltudc  ul  (he  vectot  A  Hi  ic!in*)  ul  He  ietluiigdiiii  cuiiipoiicntv  iv  Indjcatcd  hy  veiiicnl  bare,  1 1, 
luiiwuttdiiii  (he  vtciut,  ai  iMailiaicd  below 

A  f  A  ^  j  4^-1 

/I  •«  ti\\  ••  T  "I  ' 


fulluvvi 


A  ■(  II  '=  C  -  k  tA4  1  ///  -  C4)  y  iA,  ■(  //,  -  f,)  i  /  tA^  -I  Hi  “  Lf) 


Mnllij'lii u!l<jn  '  We  imw  dcfiiic  iwu  KliitU  uf  vecUa  imillljdlLuilun,  The  jirvt  type  b  a 
tt  iiliif  f'ltiJiii  I,  td^u  called  lnnet  ui  il'>i  1,  of  iwu  veclu/A  and  iv  wiittcii  av 

A  'II  AJL  •(  A^fl,  H  AtHi  Alt  cos  (/  «  II  'A 


Vtlieie  A  atid  fl  aic  the  tiiMgiilindeik  ol  the  two  vccloiv  atid  0  U  the  angle  between  then)  as  shown  in 
i  ig  5,0  'I,  il  A  and II  aircidlHicai  (I  e.iliavc  tlickuiiicoiicn!ai!on),then  A  '  II  aiA/f  slnccdMUdcg;biit  if 
they  me  peij'endkulm  tu  ciich  uihei,  then  A  *  II  U  kince  (J  »  VU  deg 

'I  he  icsuiid  tyi'e  ol  vclIui  iiiiilllpHcatloii  U  a  vcifoi  f’foJui  hn  t  iinsintiiliu  iiA  two  vcctuis,  This 
U  aiiulhei  vetlui,  ylven  liy 

A  K  I)  -  %  tA,/<,  -  AJlf)  -t  y  (A, 7/4  --  A4/(,.)  ^  i  (AJi^  -  A,li,) 

«  M  All  »lii  0  -  -  II  K  A 
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where  n  is  a  unit  vector  perpendicular  to  the  planecontaining  A  andB,  as  shown  in  Fig.  5.6-5.  The  direc¬ 
tion  of  n  is  given  by  the  “right-hand  rule”  which  states  that  the  direction  of  A  X  B  is  that  in  which  a 
right-hand  screw  would  advance  if  rotated  in  the  same  manner. 


Derivatives  of  a  Vector — There  is  a  derivative  in  vector  analysis,  closely  related  to  each  of  the 
two  kinds  of  multiplication  just  discussed.  The  vector-like  differential  operator  V  (del)  has  the  following 
form  in  rectangular  coordinates 


V 


f  + 


-b  Z 


When  V  operates  on  a  vector  A  in  the  dot  product  sense,  the  result  is  a  scalar  quantity  called  the 
divergence  (div)  of  A  and  is  given  by 


div  A 


V  •  A  = 


_ 


dx 


dAy 

1y 


If  V  operates  on  A  in  the  cross  product  sense,  one  obtains  the  curl  (or  rotation)  of  A,  which  is  a  vector 
quantity,  In  rectangular  coordinates,  the  curl  takes  the  following  form 


The  operator  V  can  also  be  applied  to  a  scalar  quantity  (p,  which  is  a  function  of  a:,  y,  and  z.  The  result  is 
the  gradient  (grad)  of  <p  and  in  rcctangulai'  coordinates  it  is  the  vector 


grad  <p  =  V(p 


+ 


z 


dtp 

dz 


0-'I0680 


rigure  5.6-4  Vectors  A  and  B 


A  X  B 


G- 3068 1 
J-J+-92 


Figure  5.6-5  Vector  Product  Geometry 
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Repeated  application  of  the  differential  operator  V  to  a  vector  or  a  scalar  is  sometimes  required  in 
electromagnetic  field  theory.  The  following  relations  are  of  special  interest: 


V  X  V  X  A  =  V(V  •  A)  -  A 


V  •  V  X  A  =0  for  all  vectors  A 
V  X  V0  =0  for  all  scalars  <f> 

The  operator  V  •  V  =  (Laplace’s  operator)  is  a  scalar  quantity  and  is  extensively  used  in  the  electro¬ 
magnetic  theory.  The  expressionV^A,  in  rectangular  coordinates,  is 

V^A  =  V(V  *A)-VxVxA  =  x  +  y  (V^Ay)  -f-  z  (V^A^) 

Complex  Notation  —  When  the  time  variation  of  a  function  such  as  voltage  or  electric  field  is 
harmonic  (sinusoidal),  complex  notation  is  used  to  simplify  mathematical  analysis.  The  basis  for  this  is 
Euler ‘s  identity 

exp  (ioDt)  —  cos  {(ot)  +  jsin  (cot) 

where  i  =  (o  (=  2nf)  is  the  angular  frequency, /is  the  frequency,  and  t  is  time.  This  gives  a  relation 
between  real  sinusoidal  functions  and  the  complex  exponential  function. 

Consider  a  sinusoidally  varying  scalar  quantity,  such  as  voltage  u(t),  of  the  form 
v(t)  =  IVqI  cos  (a»f  +  0)  =  y2  IVI  cos  {cot  +  <f>) 

where  I  VqI  and  J2  IVqI  are  the  peak  and  the  rms  (root-mean-square)  value  of  the  instantaneous  voltage 
v(t),  respectively;  and  <f)  is  the  phase.  Note  that  specification  of  a  sinusoidal  quantity  requires  the 
knowledge  of  its  three  parameters:  amplitude,  frequency,  and  phase. 

In  complex  notation,  v( t)  would  be  interpreted  according  to 

v{t)  =  Jl  Re  [V  exp  (icur)] 
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where  V=  I VI  exp  {i<p)  is  called  the  complex  quantity,  and  the  notation  Rc[  ]  stands  for  “the  real  part  of  of 
the  complex  quantity  inside  the  brackets  [  ].*  Another  name  for  V'is  the  scalar phasot  qiumiity  and  it  has 
both  a  magnitude  and  a  phase.  Thus,  in  complex  notation,  V is  the  complex  voltage  corresponding  to  the 
instantaneous  voltage  v(t). 

Throughout  this  chapter,  we  use  complex  notation  for  the  electromagnetic  field  quantities  which 
arc  interpreted  according  to  the  rules  of  complex  algebra  presented  in  this  subsection,  brcqucntly,  the 
time  dependence  factor  is  not  written  out  explicitly  for  sinusoidally  varying  field  quantities,  since  the 
.same  time  dependence  is  common  to  all  field  c.xprcssions. 

Field  vectors  that  vary  with  space  coordinates  and  arc  sinusoidal  functions  oi  time  can  Is: 
similarly  represented  by  “vector  phasor.s”  that  depend  on  space  coordinates  but  not  on  titnc,  As  an  exam  ■ 
pic,  wc  can  write  a  time-harmonic  e  field  referring  to  cos  ot  time  reference®  as 

eCv.y.r,  ;0  "  I'V.v.y.z)  cos  (oji  +  0)  »  /f  Kf.v.y,:)  cos  iiui  +  ^>) 

^  Re  (Ky  exp  *=  Re  J2  [K  exp  {ion)] 

where  Kq  tmd  E  arc  the  peak  atid  rms  complex-vector  (phasor-vector)  fields  conlaining  inlbi  ination  on 
direction,  magnitude,  and  phase,  The  rectangular  component  of  c,  ej  (/«=,t,y, in  comi’lcx  notation,  is 

Cj{x,y,7.  j)  ”  Kq  exp  (too] 

“  /2  Re  ^Ej\  cx)>  l{0Jl  +  ^)] 

where  the  .scalar  pliasor  Ej  =  \Ej\  exp 


SJ  APPENDIX:  RjVDIOWAVE  PROPAfiA'MON  PKINCTPEES 

This  section  presents  the  basic  concepts  in  electromagnetic  lieid  theory  rcicviiitt  lu  radiowavc 
propagation  in  a  waveguide,  Specifically,  it  presents  Maxwell's  equaiions  (the  basic  elccuornagnclic 
theory  postulates),  wave  equations,  tind  renectioiiand  relraclioii  of  waves,  The  matci  ial  in  this  appendix 
is  cxiructed  from  basic  textbook  on  elcctromagfielit:  theory  (c,j,,  Refs,  19  and  .Vj  tlirougli  .V6), 


"'The  convention  v(t)  s/2Im  [Fexp  (to/)]  can  also  be  used,  where  Iiii  ]  ]  stands  for  tbe  imaginaiy 
part  of  the  quantity  within  the  biiickets  [  ), 

®  If  the  time  ivfeience  is  not  cxi)licitly  specified,  it  is  customarily  tiikcii  as  cusuu, 
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5.7.1  Bowie  Concepts 

I:  Icctromagnctic  phenomena  can  be  described  in  terms  of  the  free  electric  charge  density  Q,  a  sca¬ 
lar  quantity,  and  the  five  vector  quantities  listed  in  Table  5.7- 1 .  These  quantities  are  related  by  two  dis¬ 
tinctly  different  set  of  equations.  The  vector  pairs  J  and  E,  E  and  D,  and  H  and  B  are  assumed  to  depend 
linearly  on  each  other  (linear  media);  no  lime  or  space  dependence  is  involved.  These  relations  are 
known  as  the  constitutive  relations  (Section  5.7.3)  and  depend  on  the  properties  of  the  medium  in  which 
the  electromagnetic  field  exists.  The  .'.econd  set  of  relations  is  the  basic  postulates  of  the  electromagnetic 


'ruble  5.7-1  Eundumcntnl  Electromagnetic  Vector  Quantities 


VECTOR  QUANTITY 

SYMBOL 

UNIT 

Electric  Held  Intensity 

E 

volt/'meter  (V/m) 

Electric  flux  density 
(Electric  displacomon") 

D 

coulomb/mete r2  (C/m^) 

Magnetic  Hold  Intensity 

H 

ampere/meter  (A/'m) 

Magnetic  flux  density 

B 

weber/meter2  (Wb/m2) 

Current  density 

.1 

ampere  (A) 

theory,  called  Mu, swell's  equations  (.Section  5,7.2).  They  involve  derivatives  in  time  as  well  as  in  the 
f.pacc.  At  interfaces  between  media  with  different  electromagnetic  properties,  the  field  quantities  on 
either  side  of  the  interface  arc  related  through  the  boundary  conditions  or  relations  (Section  5.7.4).  The 
actual  fields  in  a  cenain  region  arc  also  dependent  on  the  .source  or  .sources  of  these  fields.  To  determine 
(he  elcctroinagnelic  fields  for  a  given  problem,  proceed  as  follows, 

(a)  Obtain  a  set  of  elementary  solutions  to  Maxwell’s  equations  together  with  the 
constitutive  relations,  typically  represented  in  the  form  of  plane  electromagnetic 
vraves. 

(b)  1 'ind  the  combination  of  elementary  solutions  that  satisfy  the  boundary  conditions; 
these  iKirtiul  solutions  or  modes  are  specific  for  the  region  and  usually  form  an 
ciuimeralile  but  infinite  set.  (An  enumerable  set  is  a  set  whose  members  can  be  enu¬ 
merated,  i.e,,  assigned  numbers  1, 2,  3  . . .) 

(c)  Select  the  .set  of  partial  solutions  that  matches  the  distribution  of  sources  at  hand. 

In  tt',e  following  .subsections,  we  apply  the  procedure  outlined  above  to  develop  expressions  for  the  elec- 
tKJmagnclic  fields  of  pn)pagating  radiowave  signals, 

5.7.2  M-axwell’-s  Etjuntions 

'I'lic  l)iis!L  laws  of  electromagnetics  are  .summari/.ed  by  the  four  MaxwcH’s  equations  whose 
tieiivative  loims  and  equivalent  inicgra)  lortiis  arc  given  in  Table  5.7-2, 
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In  Maxwell’s  equations,  V  •  is  the  divergence  operator  (see  Section  5. 6.2.4);  V  X  is  the  curl 
operator  (see  Section  5.6.2.4);  is  the  partial  derivative  of  the  quantity  within  the  parentheses  (  ) 

with  respect  to  time  r;  A  is  the  volume  integral  over  the  volume  V;  A  is  the  surface  integral  over  the 

iv  h 

Table  5.7-2  Maxwell’s  Equations 


BASIC  LAW 

DIFFERENTIAL  FORM 

INTEGRAL  FORM 

Gauss’s  law 

V*  D  =  £) 

^  D  •ds  =  ^g)rfv  =  j2 

Ampere's  law 

V  X  H  =  J  +  ^ 

01 

|H.di  =  |(j  +  f).*  =  ;+ ff  .* 

c  J  J  J  J 

Faraday’s  law 

V  X  E  = 

dt 

No  isolated  magnetic  charge 

<3 

II 

o 

1  IS  •  ds  =  0 

closed  surface  S;  is  the  contour  integral  over  the  closed  contour  C;  dl  is  the  path  (contour)  element 
along  the  contour  C;  Js  is  the  surface  element  over  the  surface  5;  and  dv  is  the  volume  element  of  volume 
V.  Note  that  dl  and  ds  are  based  on  the  convention  that  dl  encircles  ds  according  to  the  “right-hand”  rule’*' 
(see  Fig.  5.7-1)  and  ds  points  outward  for  a  closed  surface  (see  Fig.  5.7-2). 

Gauss ’s  law  states  that  the  electric  flux  flowing  out  of  any  closed  surface  is  equal  to  the  charge,  Q, 
enclosed;  i.e.,  the  electric  flux  lines  begin  and  end  on  electric  charge.  Note  that  the  Gauss’s  law  is  a  direct 


Figure  5.7-1  ^  and  ds  on  an  Open  Figure  5.7-2  ds  on  a  Closed  Surface  S 

Surface  S  and  Contour  C  ^ 


*The  rule  is  that  the  fingers  on  one’s  right  hand  point  in  the  direction  of  dl  and  the  thumb  points  in 
the  direction  of  ds. 
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consequence  of  Coulomb ’s  law  which  states  that  the  force  between  two  charged  particles  is  proportional 
to  the  product  of  the  charges  of  the  two  particles  and  inversely  proportional  to  the  square  of  the  distance 
between  the  particles. 

Ampere 's  law  states  that  the  line  integral  of  the  magnetic  field  about  a  closed  path  is  equal  to  the 
total  current,  I,  flowing  through  the  surface  bounded  by  the  path.  Note  that  the  current  density  may  con¬ 
sist  of  a  conduction  current  density,  a  E;  caused  by  the  presence  of  an  electric  field  E  in  a  conductive 
medium  with  conductivity  a  and  a  convection  current  density  Q  u  due  to  motion  (with  a  velocity  u)  of  the 
free  charge  distribution  q.  The  surface  integral  of  J  is  the  current,  /,  flowing  through  the  open  surface  S. 

Faraday 's  law  states  that  the  line  integral  of  the  electric  field  about  a  closed  path  is  equal  to  the 
negative  rate  of  change  of  the  magnetic  flux  <p  flowing  through  the  path.  This  means  that  the  changing 
magnetic  field  induces  “emf  ’  (voltage)  in  a  path  surrounding  the  field. 

The  last  of  the  four  Maxwell’s  equations  states  that  the  surface  integral  of  magnetic  field,  or  total 
magnetic  flux  flowing  out  of  a  closed  surface,  is  zero.  This  expresses  the  fact  that  magnetic  charges  have 
not  been  found  in  the  nature. 

As  a  consequence  of  the  conservation  of  charge,  the  charge  density,  q^,  and  the  current  density,  J 
are  related  by  the  equation  of  continuity  which  is 

V-  J  = 

The  principal  of  conservation  of  charge,  like  the  principle  of  conservation  of  momentum,  is  a  fundamen¬ 
tal  postulate  or  law  of  physics.  It  states  that  the  electric  charge  is  conserved;  that  is,  it  can  neither  be 
created  nor  be  destroyed. 

5.7.3  Constitutive  Relationships 

To  solve  an  electromagnetic  field  problem,  we  need,  in  addition  to  Maxwell’s  equations,  the  fol¬ 
lowing  constitutive  relationships,  which  specify  the  properties  of  the  medium  in  which  the  field  exists. 
Table  5.7-3  lists  the  constitutive  relationships  between  the  field  pairs  E  and  D,  H  and  B,  and  J  and  E  in 
free  space  (vacuum)  as  well  as  in  an  isotropic/linear  dielectric  medium.  In  the  relationships,  sq  is  the 
permittivity,  also  called  dielectric  constant,  of  free  space  (=  8.854  x  10~^^  farad/meter);/^o  is  the  perme¬ 
ability  of  free  space  (=  4  x  10"^  henry/meter),  is  the  relative  perniiltivily,  or  relative  dielectric 
constant  (a  dimensionless  quantity); pr  is  the  relative  permeability  (a  dimensionless  quantity);  a  is  the 
conductivity  (mho/m).  Note  that  the  free-space  medium  is  a  special  case  of  isotropic/linear  medium 
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where  =  1 ,  =  1 ,  and  a  =  0.  In  an  isotropic/linear  medium,  the  two  vectors  in  any  of  the  constitutive 

relationships  (e.g.,  between  J  and  E)  are  oriented  in  the  same  direction  and  are  related  to  each  other  via 
the  scalar  properties  <7)  of  the  medium. 


Table  5.7-3  Constitutive  Relationships 


MEDIUM 

RELATIONSHIP  BETWEEN 

D  and  E 

B  and  H 

J  and  E 

Free  space 

D  =  £oE 

B  =;toH 

J  =  0 

Isotropic/linear 

dielectric 

D  =  cE  =  e;^£o  E 

U-flR=flr  /MqH 

J  =  aE* 

♦Ohm’s  law. 


In  the  case  of  an  anisotropicAinear  dielectric  medium,  such  as  the  magnetized  plasma  which  is 
the  upper  boundary  medium  of  the  earth-ionosphere  waveguide,  the  dielectric  constant  and  conductivity 
may  be  different  for  different  directions  of  the  electric  field  as  a  result  the  dielectric  properties,  e  and  a, 
and  this  they  arc  tensor  quantities  (Ref.  19).  As  a  result,  D  and  J  depends  on  all  three  eomponents  of  E. 

For  harmonically  (sinusoidally)  time-varying  fields  (i.e.,  exp  (mt)  time  dependence),  the  dielec¬ 
tric  constant  (permittivity)  is,  in  general,  a  complex  quantity  and  expressed  as: 

e  =  e'  -  i  e" 


where  both  e'  and  e"  may  be  functions  of  frequency. 


The  ratio  e'/e"  expressed  by  Eq.  5.7-1,  is  called because  it  is  a  measure  of  power 
loss  in  the  wave  propagation  medium 


tan  dc 


e"  a 
e'  (OE' 


(5.7-1) 


Note  that  the  speed  of  light  in  a  lossless  medium  is  (£/M)  ~  which  in  free  space  reduces 
to  Furthermore,  the  index  of  refraction,  n  of  an  isotropic  medium  is  fEr  Pr 

(a  dimensionless  quantity).  In  the  case  of  a medium  (i.e.,  e”  0),n  is  a  complex  quantity.  Infree 
space,  n  is  unity  since  er=  fir  =  1  • 


On  the  basis  of  Eq.  5.7-1, amedium  is  said  to  be  good  conductor  if  a  »tu£',  and  a  good  insulator 
(dielectric)  if  (oe  ' »  o.  Thus,  a  ruaterial  may  be  a  good  conductoi  at  VLF  but  may  have  tlie  properties  of 
a  lossy  dielectric  at  very  high  frequencies.  For  example,  for  a  moist  ground  which  has  the  relative  dielec¬ 
tric  constant  of  about  10  and  conductivity  of  10~^  mho/meter,  the  loss  tangent  is  1.8  x  1  O'*  at  10  kHz, 
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which  makes  the  moist  ground  a  relatively  good  conductor.  At  10  GHz  ( 10  x  lO’^  Hz),  the  loss  tangent  is 
1.8  X  10~^  and  thus  the  moist  ground  at  10  GHz  behaves  like  an  insulator. 

5.7.4  Boundary  Conditions 

The  field  equations,  described  in  Section  5.7.2,  are  valid  at  points  in  space  in  whose  neighbor¬ 
hood  the  physical  properties  of  the  medium  vary  continuously.  However,  at  any  surface  separating  one 
medium  from  another,  there  occur  sharp  changes  in  the  medium  parameters  £,  |x,  and  o.  These  changes 
result  in  discontinuous  field  quantities  across  the  discontinuity  between  the  two  media.  In  solving  elec¬ 
tromagnetic  field  problems,  we  need  boundary  conditions,  listed  in  Table  5.7-4,  to  relate  the  electric  and 
magnetic  fields  on  the  two  sides  of  a  discontinuity.  The  boundary  conditions  are  obtained  by  applying 
Maxwell’s  equations  at  the  two  adjacent  points,  one  on  each  side  of  the  discontinuity.  In  the  table,  each 
field  quantity  has  two  subscripts .  The  first  subscript  t  or  n  denotes  the  tangential  or  normal  component  of 
the  field,  respectively,  and  the  second  subscript  (1  or  2)  indicates  the  medium  to  which  the  field  compo¬ 
nent  belongs. 

From  the  boundary'  conditions  table  (Table  5.7-4),  we  note  that  the  tangential  component  of  elce- 
tric  field,  £),  and  normal  component  of  magnetic  flux  density,  Bn,  are  always  continuous  at  the  interface 
between  any  two  media  (see  Fig.  5.7-3),  For  the  case  of  source-free  interface,  both  the  tangential  com¬ 
ponent  of  magnetic  flux  intensity,  Ht,  and  the  normal  component  of  electric  flux  density,  Z)„,  are  continu¬ 
ous.  Whenever  there  are  sources,  i.e.,  non-zero  surface  charge  density,  source  i.e.,  5*^  0  (and 

non-zero  surface  current  density,  source,  i.e.,  js  ^  0),D„  (and  H,)  are  discontinuous  at  the  interface  by 
the  amount  equal  to  the  electric  (and  magnetic)  field  source  magnitude.  From  the  table,  note  that  for  a 
perfect  conductoc  there  can  be  no  electric  and  magnetic  fields  inside  a  conductor. 


Table  5.7-4  Boundary  Conditions  for  Electric  and  M8‘'netic  Fields 


Tangential 

Normal  Component  of 

Tangential 
Component  of 
Magnetic  Flux 
Density  (Hf) 

Normal  Component 

Media  1  and  2 

Component  of 

Electric  Flux 

of  Magnetic  Flux 

Electric  Field  (E,) 

Density  (Dn) 

Density  (Bp) 

ai,  02  arbitrary 

II 

=  Dn2 

fin  =  Ha 

H,i\  =  £,i2 

Medium  1  is  a  perfect 
conductor  (a^  =«■) 
with  current  sheet 

E,i  =  0 

=  0 

Hn  =  0 

B„  1  =  0 

density  jg  and  charge 
density  Qg  at  the  inter¬ 
face  between  media 

£,7-0 

E>n2  =  Qs 

ff'.2  ~  js 

B„2  =  0 

oi  =  (72  =  0;  yj  =  0 

£,l  =  E,2 

4t1  =  4,2 

Hx\  -  Ha 

En\  ~  Bpi 
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Ai  1  •  Ai  1 


C  -30676 
6-J-i-92 


Medium  1 


j  r-'P‘^E»2,Tin 

■^1  "'’■i- 

'  ^  Ai2'  ^n2 


Mjjiiri-  5,7-3  l  icld  Components  at  point  V  on  tl 


:e  Between  Media  1  and  2 


5,7.5  Wjive  I'iquations 

\Vc  will  now  consider  applying  Maxwell’s  equations  to  wave  propagation  in  an  imbuimded, 
}iiiniii^i  ni'oii  s,  isotropic,  otid  linear  medium  with  no  sources  (current  or  charges).  For  harmonic  time 
dependence  ul'  llie  wave  field  quantities  (from  which  an  arbitrary  time  dependent  field  quantities  can  be 
easily  deiived  by  the  principle  of  super  ■.j.niion),  Maxwell's  equations  reduce  to  the  following  homoge¬ 
neous  vecioi  wave  ajuations,  also  called  homogeneous  vector  Helmholtz  equations'. 

\i  -f-  If}  E  =  0 
E  -f-  H  «  0 

wiicic  IS  the  Laplacian  operator  (sec  Section  5. C.2),  co^ep  =  {(ohe/uo)  (Crf^r)  = 
k{/  t,}if  ■  kip  n'".  (i> «  2jif,f\s  the  signal  frequency,  and  n  is  the  refractive  index  of  the  medium.  The 
ciinsiiint  A  i  7  called  ibe  propagation  constant  (or  wave  number).  In  free  .space  {Er~Pr~  i) 

k  ^  k^^  ~  ^  f 

wlii'ic  c  IS  l|ifj  speed  ol  light  in  free  space. 

In  the  Cailesian  courdinates,  the  rectangular  components  of  E  and  II  satisfy  the  scalar  wave 
etpiiiilon  Ul  llclnihi>liz  ciiiiatiijn 


-t-  k^  —  0 


(5.7-2) 


V.I1CIC  y*  is  any  scalar  coniponeniof  Kor  11.  Wecanconiiruct  electromagnetic  fields  by  choosing  solu- 
lioiis  to  A I  ,q,  5,7.2  lor  E,,  l.y,  and  01/4,  //y,  and  IE.  Note  that  all  fields  that  satisfy  Maxwell's  equa¬ 
tions  iib.u  sat!. sly  the  wave  equations.  'I'he  converse  is  not  liuc,  A  pair  of  field  vectors  E  and  H  that  satisfy 
wave  cqn.itiniis  consiiiuic  adniissililc  electromagnetic  fields  only  if  at  the  same  time  they  satisfy  Max- 
weii''-  cijnimons.  i  uniicrmure  iiie  rieids  must  ‘ociiave  pru]3eiiy  at  the  boundaries  in  accordance  wiih  the 
IhiliiiiI.ii)'  Lontliliuii'.  lisle  d  ill  ’I  able  5.7-3,  Iftlic  wave  propagation  region  is  unliounded,  atienlion  must 
ab.i;  be  p.i'il  lu  the  field  behavior  at  infinity  (see  radialion  condition  in  Ref.  35). 


S,l,()  PItmc  Wiivcs 

'J'hc  harmonic  plane  wave  solution  of  Maxwell's  ctjiiaiions  is  of  l)utl)  tliroreiical  and  pnictical 
importance  in  understanding  Omcga/VLI'  signuJ  wave  propagaiion,  as  the  electromagnetic  jiclds  of 
very  general  form  cun  be  represented  by  a  superposition  of  harmonic  plane  waves.  A  plane  wave  Is  a 
particular  solution  of  Maxwell's  equations,  with  the  electric  field  K  (similarly,  the  magnetic  field  II)  in 
tlic  same  direction  and  same  phase  over  each  of  the  infinitr  planes  perpendicular  to  the  dirccthm  oj  wave 
propagation,  'Mic  cquiphasc  surface  of  a  wave  i.s  culled  wavc/roni  oi  plunc/Kjni,  A  plane  rcnvi'  is  uni¬ 
form  when  the  amplitudes  of  K  and  II  arc  constant  over  the  equi|rhasc  surfaces,  Mi  st,  w'c  w  ill  consider 
plane  w'avc  jaopagatiori  in  a  non  condocting  (losstc.ss)  ineillum  and  tlicn  in  a  cuiiduciing  (lossy) 
medium,  ]-'inally,  we  will  discuss  icncciioii  and  rcfiaction  of  plane  waves  fiom  a  platiai  buimduiy, 

pJon-ConJiH/ln^  MeJlian—l'Uc  medium  is  assumed  to  be  isuiropic  and  liacui,  In  this  mcdiuiii, 
considc!  a  uniform  plane  wave  characlcri/.ed  by  a  uniform  Lj^  (cunslani  niagnitude  and  coiisiunt  phase) 
over  plane  surfaces  perpendicular  to  the  z  axis  of  he  icclanguhii  cuoidinatc  system.  Note  that  the  field 
i.s  a  ))ha.sur  and  dc|)ends  only  on  the  z  coordinate,  I  or  thU  vase,  the  soluiion  ol  the  wave  equailon, 
liq,  5,7-2,  is 

AVj)  hi!  fxp  (-'(kz)  +  hr  exp  Ukz)  (5,7*.'l) 

where  hr  and  /-’a' arc  arbitrary  (in  general,  complex)  consiiinls  that  are  delcrniiiicd  by  the  boiimluiy 
conditions  and  k  is  the  piopagalioii  consiunt  in  the  medium. 


Now  let  us  examine  wliui  the  first  phasor  term  on  the  righi-lnmd  side  of  liq,  represents  In 
re,,]  linte,  liased  on  the  comjtlex  notation  rcpicrreniation  ilcsctthcd  in  Scviion  5,0  and  assuming  that 
hx  =  h\j  to  he  a  real  constant  (zero  phase  at  z  "  0),  the  insianlaneous  dependence  of  is  given  by 


hriz<t)  *“  Kc  [/;■/  exp  (~ikz)  exp  (/or/)] 
“  /',y  COS  i_ujt~kz) 


(5,7-4) 


Lq,  5,7-4  has  been  plotted  in  Mg,  5,7-4  for  several  values  of  time  /,  At  /  s  0,  (2,0)  =  hi!  cuh  kz  is  a 

Lusine  curve  with  an  amplitude  //q.  At  siiecc,ssivc  times,  the  cm  ve  clfcctively  travels  in  the  positive  z 
diicclion.  We  have,  then,  a  traveling  wave.  If  we  fix  our  atiention  on  a  particular  point  (a  point  of  a 
])ani'ji!!u!  pltass)  on  the  wave,  it  i.gems  to  move  with  a  velocity  Vp,  called  plutsv  velocity,  which  is 
given  by 


HI  «  J.. 


‘d  ^  Jfie  Jp,t, 


nc 
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Figure  5.7-4  Wave  Traveling  in  Positive  z  Direction:  Ex  (z,t)  =  Eq  cos  (wt-koz) 
for  Several  Vaiues  of  Time  t. 

Jnoic  that  in  the  free  space,  =  1 ,  and  hence  n  =  1  and  =  c  «  3  X  10®  meters/second. 

Tlie  wavelength,  A,  of  a  wave  is  defined  as  a  distance  (see  Fig.  5.7-4)  in  which  the  phase  of  the 
wave  increases  by  2;r  radians  at  any  instant,  Thus,  kX  =  2;c,  or 

1  -  2k  z=  ^  —  c 

"  k  f 

In  free  space,  the  wavelength  A  Aq  -•  c/f .  Note  that  the  wavelength  is  used  as  a  measure  of  whether 
St  distance  is  long  or  shon.  At  Omega  frequencies  (10-14  kHz),  the  wavelength  in  free  space  is  approxi¬ 
mately  30-21 .5  km,  whereas  the  free-.space  wavelength  at  1000  kHz  is  only  0.03  km.  Thus,  a  distance 
of  1  km  is  very  short  at  Omega  frequencies  but  very  long  at  1000  kHz. 

It  is  obvious,  that  the  second  phasor  term  on  the  right-hand  side  of  Eq.  5.7-3  represents  a  sinu¬ 
soidal  wave  traveling  in  the  -z  direction  with  the  same  phase  velocity  as  Up.  If  we  are  concerned  only 
with  the  wave  traveling  in  the  +z  direction,  then  Eq  =  0.  However,  if  there  are  discontinuities  in  the  wave 
jiropagation  medium,  reflected  waves  (i.e.,  Eq)  traveling  in  the  opposite  direction  must  also  be  consid¬ 
ered  in  the  electromagnetic  field  solution  of  Maxwell’s  equations,  as  we  will  see  later. 
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The  magnetic  field  H  associated  with  can  be  found  by  solving  Maxwell’s  equations.  Thus  for 
the  case  of  the  electric  field  Ex{z,t)  in  Eq.  5.7-4,  the  rectangular  components  of  the  associated  magnetic 
field  H  phasors  are 

=  0 

=  i  Et{z)  (5.7-5) 

Ht  =  0 

where  r]{  =  Jiii  fs)  is  called  the  intrinsic  impedance  of  the  medium.  In  free  space  (e  =  pr  ~  1) 

V  ^  Vo  ~  ^20.n:  —  377  Q  (ohms) 


Because  t]  is  real  in  a  non-conducting  medium,  Hy  (z)  is  in  phase  with  (s)  and  thus  we  can  v»Titc  the 
instantaneous  expression  for  H  as 

H(:,r)  =  y  ~  y  Re[«  +  (:)exp  (tor)] 

£  + 

=  y  ~  cos  ((ot-kz) 

Hence,  for  a  uniform  plane  wave  the  ratio  of  E  and  H  is  the  intrinsic  or  characteristic  impedance  of  the 
medium.  We  also  note  that  H  is  perpendicular  to  E  and  that  both  are  normal  to  the  direction  of  propaga¬ 
tion.  Figure  5.7-5  shows  an  instantaneous  picture  of  E  and  H  fields  in  a  traveling  uniform  plane  wave. 
Note  that  our  specification  of  £  =  x  £v  as  an  electric  field  parallel  to  the  .v  axis  is  not  as  restrictive  as  it 
appears,  inasmuch  as  we  are  free  to  designate  the  direction  of  E  as  the  +.v  direction,  which  is  normal  to 
the  direction  of  propagation  Uz. 

X  Cl  30674 


Figure  5.7-5  Instantaneous  Picture  of  E  and  H  in  a  Traveling  Wave 
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The  plane  wave  described  by  Hqs,  5.7*4  and  5.7*5 1%  a  llni  iirly  I'dlufUtil  wave;  iis  cle<  If  k  field 
vector  is  at  all  times  in  the  same  (i,c,,.\)  direction,  M^nre  5.7-Oasliuwfc  the  dlicctloii  of  tliu  clctliic  field 
of  a  linearly  polariit'd  wave  traveling  out  of  page  (positive  rdlrct  (ion  j,  In  gencial,  the  flcciiiw  field  u!  a 
w'ave  traveling  in  the  z  direction  niuy  have  both  aji  .t  coitiponcnl  and  a  y  coinponenl,  ni  suggested  In 
Fig.  5.7-6b,  In  this  general  situation,  the  wave  is  said  to  be  tlllptii  ully  /mluflicil,  At  ti  fused  value  of 
z,  the  electric  field  1C  rotates  as  a  function  of  time,  and  the  lip  of  the  veciur  field  liatcs  out  an  ellipse. 
Two  extreme  eases  of  elliptical  polari/atiun  coiichpond  Iut7/i  nlui  pnlutlittUvn  as  shussn  In  I  Ig  5.7  Ow, 
and  linear pnlarlzailon  as  shown  in  Fig.  5.7-6a,  lor  tlic  clfculaf  poliiri/alloii,  /,j  ^  1,^',  while,  h  i 
the  linear  polari/alion  /.,  “  0,  Note  tliai  the  II  field  veettn  of  a  plane  wave  lags  thr  I',  field  sctloi  h> 
90  dcgrcc.s  and  has  the  same  polari/aiitiii  (lineal,  tlictiliii,  <>i  cllijaii  id;  us  the  h  licld,  1  he  piilm i/ation 
is  said  to  be  figlii-liandtuliHUc  inslanlancoLisclecliic  field  vectut  lotalcsiiitlicdi'cilitmol  fiiigiisol  th<j 
light  hand  when  the  the  thumb  points  in  the  dliecUun  of  puip.igation  'I  lie  po|iiii/ath)ii  Is  said  in  I  e  leji 
handed  if  the  iiistanlaiieuus  field  vectui  lotatcs  in  the  upposjic  diicitluii, 

CoiidiK'Uitg  Medium  —  In  a  conductitig  medliiin,  the  wave  eipintlnn  and  li*  phoie  wast  sohi 
lion  have  the  same  general  foiiii  as  in  a  non-cuiultKiing  tlossTiee;  iiicdiiiiii  llowcvci,  the  piopuguii'iii 
constant  k  is  now  a  complex  quantity  and  Is  given  by 

a’ lu^pt  uj’pt'  |l 

A  A'  -  M" 


I,  'I 
I  IF  li 


H)  fliiriii  I’uIhi j/Hijiiii  h)  l  ||||ili>4l  riilNikiitluii  ij  lliiulai  I'liliiiniilliiii 
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whcfc  k'  h  llie  Intflmli  t>U(i\t  tonumt  and  k"  Ir.  (lie  intrinsic  itHi’miailun  constmi,  Tlicrc  arc  several 
lu»p>  mediu  ul  liileicii  lu uii  fui  v/|iU It  1  w'de  .17-4  lii(!i (he  ait|>iOHiriiuir  txj'rcssions  for pliasc  aiul  allcn- 
uulluii  i,uiisiaiili  (A'  and  k") 
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'I  lie  (icld  ii)ijtcduii(.c  »/  h  iilsu  a  tuiiinlrx  ijiiiiimiy  In  ft  lossy  niuliiini,  'I'lic  phase  velocity  of  a 
plane  wave  In  u  lu^sy  iiieiliuiii  U 
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then  the  fields  me  given  by 


Ex  =  Eq  exp  (-k"z)cos  (cut  ~k'z) 

E  + 

Hy  =  -j^  exp  (-k*'z)co&  (Oit  -k'z  —  C) 

Due  to  the  phase  angle  C,  the  E  and  H  fields  of  the  wave  are  not  in  phase.  Figure  5,7-7  illustrates  the 
effect  of  attenuation  in  a  wave  of  this  type.  Note  that  the  envelope,  (the  curve  connecting  minima  and 
maxima  of  the  waves)  is  proportional  to  exp  (~k"z). 

For  the  case  of  a  high  conductivity  medium  (o  »  coe'),  as  displayed  in  Table  5.7-4,  we  have 

k'  = 

\ri\  = 

^  4 

1  _  2^  ^ 
k"  Jcopa 

Thus,  for  a  high  conductivity  medium,  the  attenuation  constant  is  very  large  and  H  lags  E  by  45  deg,  and 
the  wavelength  is  very  small  compared  to  the  free-space  wavelength.  For  example,  at  the  Omega  signal 


Figure  5.7-7  £/  or  Hy  in  a  Plane  Wave  Traveling  Along 

the  z-Axis  in  a  Lossy  Medium 
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frequency  of  10.2  kHz,  the  wavelength  is  approximately  29.4  km  in  free  space  and  15.6  meters  in  sea 
water  (a  >>  tue'),  a  difference  between  the  two  wavelengths  of  about  a  three  orders  of  magnitude. 

A  wave  starting  at  the  surface  of  a  good  conductor  and  propagating  inward  is  very  quickly 
damped  (absorbed)  to  insignificant  values.  The  wave  field  is  localized  in  a  thin  surface  layer;  this  phe¬ 
nomenon  is  know  n  as  skin  effect.  The  distance  in  which  a  wave  is  attenuated  to  1  /e  (i.e,,  36,8  percent)  of 
its  initial  value  is  called  the  skin  depth  or  depth  of  penetration,  6.  This  is  defined  by  the  condition  that 
=  l.or 


where  is  the  wavelength  in  the  good  conductor.  The  frequency  dependence  of  the  skin  depth  of  the 
various  soils/materials  forming  the  earth’s  surface  is  shown  in  Fig.  5.7-8.  In  the  figure,  note  that  the  skin 
depth  of  Omega  signal  waves  (10-14  kHz)  is  approximately: 

1 .  2.5  meters  in  sea  water  (a  =  4  mho/m),  which  means  Omega  signals  attenuate  very 

rapidly  in  sea  water.  For  example,  the  signal  is  attenuated  more  than  99  percent  over 
a  distance  of  about  1 5  meters  in  sea  water  and  therefore  Omega  navigation  is  limited 
to  several  meters  of  depth  below  the  sea  surface. 


0-30860 


1  10  10-  10’  10-  10- 

Frequency  (Hz) 


Figure  5.7-8  Skin  Depth  vs.  Frequency  for  Various  Earth  Materials 
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2.  1600  meters  in  a  frcsli-watcr  ice  region  (<7=  10“'  mho/ni)  such  as  Greenland/ 

Antarctica,  which  means  that  Omega  signals  attenuate  very  slowly  in  an  ice  cap 
region  and  therefore  Omega  navigation  is  possible  under  the  polar  ice  cap. 

5.7.7  Reflection  and  Refraction  of  rianc  Waves 

Omega  signals  propagate  from  a  transmitter  to  a  receiver  by  successive  reflections  from  the 
earth's  surface  and  the  ionosphere  boundary  of  the  earth-ionosphere  waveguide,  Therefore,  in  this  sub¬ 
section  we  will  discuss  reflection  and  refraction  of  plane  waves  incident  on  a  planar  buundtuy  between 
two  dissimilar  media,  as  illustrated  in  I‘ig,  5,7-9,  Let  the  IncUi'ni  wave  (in  medium  1 )  make  an  angle  0i 
with  they  axis  (the  normal  to  the  boundary),  the  rcjlvcwtlwmr  (in  nicdium  I )  makes  an  angle  0,  with  the 
y  axis,  and  the  tran.smitictl  wave  (in  medium  2)  make  an  angle  0,  with  the  ricgalivc  y  axis.  Note  that  the 
transmitted  wave  is  the  tv/mciccj  hv/vc  and  0/  is  the  (iniilr  of  nfrarilun.  As  mentioned  in  Section  5,7.5, 
the  incident  signal,  in  general  can  have  an  arbitr.iry  polarizatio,’)  (linear,  circular,  or  cllipticalj.  I'or  our 
discu.ssion,  we  will  assume  that  the  incident  signal  has  the  most  general  polarization,  i.c,,  elliptical.  We 
can  consider  such  a  wave  to  be  composed  of  two  linearly  polarized  waves,  one  with  the  electric  field 


Mgiii'C  .5,7-9  I’laiic  Wave  IncidciiLi;  GeomeUy 
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vector  parallel  to  the  plane  of  incidence  and  the  other  with  the  electric  field  vector  perpendicular  to  plane 
of  incidence,  'The  plane  of  incidence  is  a  plane  containing  the  wave  propagation  direction  and  the  normal 
to  the  boundary  between  the  two  media.  The  waves  with  the  electric  vector  field  parallel  and  perpendic¬ 
ular  to  the  plane  of  incidence  are  commonly  referred  to  as  the  e-wave  or  transverse  magnetic  (TM)  wave, 
and  h-wave  or  transverse  electric  (TE)  wave,  respectively 

At  the  boundary  between  the  two  media,  the  electromagnetic  fields  of  the  incident,  reflection, 
and  refraction  waves  must  satisfy  the  boundary  conditions  listed  in  Table  5.7-3;  as  a  result,  we  get 

Oj  (angle  of  incidence)  =  6r  (angle  of  reflection)  (5.7-6a) 

(sin  0,/sin  6,)  =  (ni/«2)  (5.7-6b) 

where  n\  and  ;i2  arc  the  refractive  indices  of  media  1  and  2,  respectively;  the  second  relationship, 
litj.  5.7-6b,  is  familiar  in  optics  and  is  known  as  Snell’s  law. 

For  OnicgtiA^LF  signal  propagation,  two  types  of  two-medium  boundaries  are  of  interest.  The 
first  type  is  the  boundary  between  air  (rnediutn  1)  and  ground  (medium  2),  similar  to  the  air-ground 
boundary  of  the  El  waveguide,  The  second  type  is  the  boundary  between  air  (medium  1)  and  magnetized 
plasma  (ani.sotropic  medium  2),  similar  to  the  air  (magnetized)  ionosphere  boundary  of  the  El  wave¬ 
guide,  I'hercforc,  wc  will  present  below  the  reflection  and  transmission  (refraction)  coefficients  for  the 
case  where  both  media  are  isotropic,  homogeneous,  and  conducting.  As  the  reflection  and  refraction 
formulas  for  the  second  type  of  boundary,  the  air-(magnctizcd)  plasma,  are  quite  complex,  we  will  give  a 
qualitative  discussion  of  the  reflection  and  transmission  of  the  waves  form  such  a  boundary. 


CASK  I;  Reflection  and  Refraction  at  the  Boundary  Between  Two  Isotropic  Media 

The  reflection  coefficient  R  and  the  transmission  coefficient  7 for  the  plane  wave  incident  at  the 
boundary  y  =  0  in  (sec  Fig.  5.7-9)  arc  obtained  by  applying  of  the  boundary  conditions  at  the  boundary. 
'J'licrc  arc  given  in  the  lir.st  row  of  Table  5.7-3,  which  considers  oi  and  02  as  arbitrary  quantities.  As  a 
result,  for  an  incident  e  wave,  the  reflection  coefficient,  7^,  and  transmission  coefficient,  Tg,  are  given ’oy 
(Ref.  10) 


cos  0,  —  ”|("2  ^  ^<) 

Re  ~  - - 

n'^  cos  0,  -f-  sin  ^  0,j 


1/2 


1/2 


(5.7-7a) 


7V  =  (1  -f  Rg)  (cos  0,/cos  0,) 


(5.7-7b) 
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Similarly,  for  an  incident  h  wave,  we  get  the  reflection  coefficient,  Rh ,  and  the  transmission  coefficient, 
Th,  given  by 


j  cos  0,  —  (n^  -  sin  20 A 

.  = - ^  (5.7-8a) 

1  cos  6,  +  _  „2  sin  20.j 


r,  =  1  +  /?, 


(5.7-8b) 


Recall  that  the  refractive  index,  for  the  medium  /  (-  1,2)  is  given  by 

~  (®€Ao)(1  +  i  tan  dc^  ) 
tan  <5^^  =  oj[o}^  e'  ) 


where  e’^  and  dee  the  real  part  of  the  permittivity  and  loss  tangent  of  medium.  The  reflection  coeffi¬ 

cients  are  also  called  the  Fresnel  reflection  coefficients. 

For  the  case  where  medium  2  is  a  highly  conducting  medium  (In2l»l  because  a  »  oe') 

Re  and  =►  ( -  l) 

Tg  and  7),  =>  0 


Note  that  the  above  expressions  for  the  reflection  and  transmission  coefficients  are  consistent  with  the 
boundary  condition  (see  Table  5.7-3)  which  requires  that  the  tangential  component  of  the  electric  field 
vector  must  vanish  on  the  surface  of  perfect  conductor  (Ini  =  «  because  a  =  <»).  For  the  case  of  a  TM 
plane  wave  incident  at  a  plane  dielectric  (lossless)  boundary,  the  incident  angle  at  which  there  is  no 
reflection  from  the  boundary  is  called  the  Brewster  angle  for  the  TM  waves.  Similarly,  there  is  a  Brew¬ 
ster  angle  for  the  TE  waves.  However,  if  both  media  are  non-magnetic  (i.e.,^i,  =fX2~  7to)>  there  is  no 
Brewster  angle  for  the  TE  waves.  If  the  dielectric  medium  is  a  lossy  medium,  the  Brewster  angle  is  a 
complex  angle  in  which  the  real  part  of  the  incident  angle  yields  the  smallest  reflection  from  the  bound¬ 
ary.  The  physical  incident  angle  associated  with  the  Brewster  angle  condition  for  a  lossy  medium  bound- 
aiy  is  called  the  pseudo-Brewster  angle  (Ref.  35). 

For  the  air-ground  boundary,  the  reflection  coefficients  have  the  following  general  characteris¬ 
tics,  an  example  of  which  is  shown  in  Fig.  5.7-10  (Ref.  36). 
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Figure  5.7-10  Reflection  Coefficients  for  an  Air-Ground  Boundary  with  the 
Ground  Conductivity  of  10^  mho/m  (Ref.  36) 


TE  Wave  Reflection  Coefficient 

1 .  The  magnitude  of  reflection  coefficient  increases  regularly  with  increasing  angle  of 
incidence  and  with  increasing  frequency;  the  magnitude  is  higher  when  the  ground 
conductivity  is  greater  and  the  frequency  is  lower. 

2.  The  phase  of  reflection  coefficient  is  always  in  the  proximity  of  180  deg. 

TM  Wave  Reflection  Coefficient 

1.  The  magnitude  of  reflection  coefficient  first  decreases  with  increasing  angle  of 
incidence,  9,  until  6  has  attained  a  critical  value,  the  “pseudo-Brewster  incident 
angle;”  the  magnitude  then  passes  through  a  minimum  after  which  it  increases  very 
rapidly  towards  the  grazing  incidence  (9  =  90  deg)  to  the  boundary. 

2.  The  angle  9  corresponding  to  the  minimum  value  of  the  reflection  coefficient  is 
smaller  when  the  conductivity  is  greater. 

3 .  The  phase  of  the  reflection  coefficient  starts  at  a  very  low  value  at  normal  incidence 
(0  =  0  deg)  w  .  then  increases  very  slowly  until  9  reaches  in  the  neighborhood  of 
pseudo-Brewscer  incidence,  after  which  it  approaches  180  deg  for  the  grazing 
incidence. 


CASE  II.'  Reflection  and  n-efraction  at  the  Doundaiy  Between  Pree-Space  and  Anisotropic  Plasma 

This  cased  i  Case  I  in  that  now  medium  2  is  anisotropic  (magnetized  plasma).  Note  that 

in  Case  I,  where  '.are  isotropic,  an  incident  TE  wave  gives  rise  to  a  reflected  wave  with  the 
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same  properties  (i.e.,  another  TE  wave);  similarly,  an  incident  TM  wave  causes  a  reflected  TM  wave. 
However,  in  Case  II,  the  anisotropic  medium  causes  the  reflected  wave  to  be  elliptically  polarized  (i.e., 
having  both  TE  and  TM  wave  components  as  shown  in  Fig.  5.3-6),  independent  of  whether  the  incident 
wave  is  TE  or  TM  wave. 

Furthermore,  the  anisotropic  plasma  medium  has  a  double-valued  refractive  index.  As  a  conse¬ 
quence,  there  are  two  transmitted  waves  for  each  incident  wave  (Ref.  15).  They  are  (nearly)  circularly 
polarized  in  opposite  sense  and  are  called  the  ordinary  and  extraordinary  The  ordinary  name 

comes  from  the  fact  that  for  a  vertically  incident  wave,  the  ordinary  wave  behaves  as  though  there  is  no 
magnetic  field  in  the  anisotropic  medium.  We  will  not  present  the  reflection  coefficient  expressions  for 
this  case  as  these  expressions  are  quite  involved  and  can  be  found  in  any  book  on  wave  propagation  in 
magnetized  media  (cf.,  Ref.  15). 


5.8  APPENDIX:  ELECTROMAGNETIC  FIELD  COMPONENTS  OF  A 
TRANSMITTING  SOURCE 


Consider  the  transmitting  source  to  be  a  small  (relative  to  the  signal  wavelength),  vertical,  elec¬ 
trical  monopole  on  the  surface  of  a  flat,  perfectly  conducting  earth  (see  Fig.  5.8- 1(a)).  Assuming  a  uni¬ 
form  current  I(t)  =  j2Icos.(ot  (where  /  is  the  rms  current)  along  the  monopole  of  effective  height  the 
resulting  rms  electric  and  magnetic  fields  at  the  distance  g  (meters)  from  the  monopole  are  given  by 
(Ref  8). 

p  _ 

^  2^£o 


I _ 1  I _ I 

Induction  Radiation 

where  is  the  rms  vertical  electric  field  (volt/meter).  Up  is  the  rms  tangential  magnetic  field  (ampere/ 
meter),  eq  is  the  free-.space  permittivity  (=8.854  x  10“*^  farad/meter)  mq  is  the  speed  of  light  in  free  space 
{-  3x10'*^  m/s),  (JO  =  2jr/,/is  the  signal  frequency,  and  i  =  yfA  . 

*It  is  the  integral  of  the  electric  current  /(f)  over  height  and  divided  by  the  base  current,  (JlT). 
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It  is  interesting  to  note  the  effects  of  distance  upon  the  various  components  (electrostatic,  induc¬ 
tion,  and  radiation)  of  E,  and  H^.  Atg  =XQl2n  (note  that  vq  =jXo  where  Aq  is  the  signal  wavelength),  the 
induction  and  radiation  components  are  equal.  Beyond  one  wavelength,  the  radiation  component  domi¬ 
nates  and  its  E.  and  fields  decay  as  (p)"^  Figure  5.8- 1(b)  shows  the  distance  dependence  of  E,  and 
Up  for  distances  of  up  to  one  wavelength  from  the  source.  In  this  figure,  it  can  be  seen  that  for  0  <  q/Xq  < 
1 ,  all  three  components  are  contributing;  while,  for  q/Xq  <0.1,  the  electrostatic  component  term  domi¬ 
nates.  ThQ  far-field  components  of  the  electric  and  magnetic  fields  are  related  by  E;  =  -rjolip  where  t/q 
(=  lAOn".)  is  the  chai'acteristic  impedance  of  free  space. 

Assuming  that  Pr  is  the  power  (watt)  radiated  by  the  monopole  whose  effective  height,  lie,  is 
small  relative  to  the  signal  wavelength  (i.e.,  he<0.\  A),  the  rms  value  of  the  vertical  electric  field  E-  at  a 
distance  g  (meters)  is  approximately  given  by  (Ref.  8). 

^  9.5Py^ 

Ez  — -p —  (volt/meter) 
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5.9  ABBREVIATIONS/ACRONYMS 


cec 

Ccnticycle  (one-hundredth  of  a  cycle) 

dB 

Decibel 

deg 

Degree 

El 

Earth-Ionosphere 

GDOP 

Geometric  Dilution  of  Precision 

GHz 

Gigahertz 

hr 

Hour 

kHz 

Kilohertz 

km 

Kilometer 

mho/m 

mho  per  meter 

Mm 

Megameter 

PPG 

Propagation  Correction 

rms 

Root-Mean-Square 

TE 

Transverse  Electric 

TEM 

Transverse  Electromagnetic 

TM 

Transverse  Magnetic 

VLF 

Very  Low  Frequency 

UT 

Universal  Time 
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CilAPI  I' M  6 

OHSLUVIi  D  SIGNAL  tlL  IIAVIUK 


Chapifr  Ovprvhw  ‘ihh  •  hulilrt  utithtMtnt  Ihr  i>h»rfyt  {l  ffrhu\1(>t  tfj  Omt^n  tittnulu 
huicil on  II  uj ohtth  cil lOtil jotilh  ted liehiis  ioi.  Sei  ilon  6.  /  intiiHlui  f  t  liitpof 

luni Ji'iili.oi‘.i  oj  (Jini'tiii  ulttiii.its.  6,*  ond  O.j  iltii  flht  tU'iniid  ilmnu!  heluiMiif, 

Sci  lioi!  fi,2  jin  ncnin  ly/dml  Jriiiioi  w  oj  (fnir^o  ultinoh  ifnil  lend  in  incjid  tniyiMtillon, 
SeLtlon  fi.j  dp!ti  I  ilien  niitdllliifis  ihiji  nii  "iintiiiid"  (I  e ,  niiin  dully)  hnl  lend  in  iu\et 
due  limlldllnni,  Ahmomil  tlitnul  helunini,  |•llHilldufly  ihui  iniuiiiuieil  wlih  tnlut 
jhoes,  l\ dl\i  us\ediu  Sei  linn  (i Inieiu  jullnn^hliu  hehyetii  Dnie^u  kif(nuh  uidljjett  nl 
JieQiieiii  lei  uie Jio ihei  uddiesii  j  In  Set  linns  ft  S  und  lyliii  h  olsn  iniiniliii  e  ilu  <  nn. 
t  ej'i  nj  (,'uniiinslie  OineMo  Sei  iinni  ft. 7  ond  ft.H  kidninuiite  nhseiyed  Oineiiu  slynul 
hehuelni  in  Inieiiueled  hy  iheniy  und  idenilji  mune  firnriul  leiidenilr.s  J'lnhlenn, 
hn  hidlnjt  wniked  l  Uii  exuinides  undlhnse  In  he  iilleiniued  h,\  Ihe  leiidei,  uii  Jniuidln  Sei 
linn  fi.y.  Ahhii  yhiilniis/in  iniiyin  used  hi  Ihe  i  liiii>lei  iiii  dejhied  in  Sei  iiun  O.IU  and 
L'liuj'iei  njriiims  iin  lined  In  Seillnn  O.II 


6.1  INTHODI'i  IION 

7liU  uli.tcfvij  Unic^ti  nigiiiil  lirlMiviix  |ii  himJ 

AllJiUllfll  lilt*  )'lltl^c  h  uf  j'lllllMiy  IIIH'H  M  ll  I*  WUIlllNvllIk*  lo  fllM  IlM  lllt*  I^Cliriitl  )'ln|»r(|)fn  ul  lllf 
iiiilI  M»iiit’  «f(  iliv  \  uiii.liiioii'i  em  muM  k  luUMinJ  l<>  /iiiiKf  iiic«MiK'iiiti)'». 


Wllli  liny  liidluliiiVii'iilluii  Hlglitil,  dll'  i.liiiliii,U'lUlkii  ul  Uiiii^m  uK'  dikkllduil  III  Iwillih 

(if  UlC  lullow)ll^  llglltll  UlllltjUlCk:  |ll|j|l|llULic,  pIlllH'i  'JllivllUII  ul  illllVti!.  Dili)  |>ii|i||i/lll|il||  UliH't  VUlhill 
of  i|iykt  i^uiiiiiiili'k  uji  (Ik'  w.Ik  uiiikliUKt'k  aji'Jwipill'iiK'ht  ul  (!ii'  ubkiJiSi^J.  UbALl  siii  iiijiji.'  Iiuin 

Itivtlllklk  vtllli  kpii  liil  i'^Ml|)iMi:|il  LUiiki.iUwll'il  Vkpt'tliill)'  tu|  dir  kl^uuil  phijH  ily  (luilli'd  (uihiMi'n 
tijik  Ukiiig  lil^lily  litigghtii'ij  ii'LCiVi'ik  wliu  iiji'  iuiKi’iiii'iJ  NliiMik!  I'kilukhcly  mtli  di'tlvwd  poklduii 
iiifuniitiduii  AlUlukkCkul  uljjiL'isri  iiili!iI  t.u|ilchd  widiuliki'iviilluiikiiiudi'Uiidci  liulliiiuiiiidl  i^i'ujibyk 
ically  giiIckLCiil)  (uiidMiunk  niid  tliukc  |||■Jflkllll'd  diii|ii{!  lu|iiiiji|iL'i|L  dUliiibuiKCk,  All  iiddllluiuil  i.uii 
tflli  )k  iidcgiiDlt’  ubiwi  vlii^  « u(|dii)uii*>,  I  f,,  guud  kl^iiiil  (u  iiMht  luDu  ulid  iibjfiiLL  ul  liilfilfii'iKL', 


III  llil'i  kfilluii,  iiiu*i|  iiiiftiiiiiii  still  be  dlii'ilfd  lupIniH'  i  biiiiKliihlli.»,|)iiilludMil>  lliunc  ul  "tvcH 
IlfllilVl'd  '  kbUlllIk  KLfIVL'd  Ulldfl  tjlll''kUf III  lUllUkplK'lif  fUlldl(IUII')  hllKf  Unif^D  h  U  |•ll!ltf  IllfUkUk’ 

iiifiii  !iy»iLiii,  jiiiiiiinii  iiLtuiui  y  lirjiindk  uii  liic  tliiiiiKuiikiii k  ui  dickw  '  ukfiiii  '  kiijiich,  i  uiuiiiiMfiy, 
llii'y  tiif  iJiidUi.uibid  iiiuii'  lliiiii  'h’i  |ii  i.L'iii  ijf  ihi,  iiiiiv 


Alllmiigh  ii  Ih  cciilial  to  .tyhicin  accuracy,  phase  is  not  the  only  important  signal  attribute.  If  a 
iiigiiiil  I  aiitioi  be  tcccivcd  bctmisc  orcxtiiiordimiiily  high  local  noise,  locally  generated  interference,  or 
Itlgli  signal  nticnuallon,  its  properties  are  moot  Such  circumstances  may  make  navigation  impossible 
rind,  thus,  signal  und/ui  nulsc  levels  would  be  "most  important"  at  that  time  and  place.  Fortunately,  with 
good  receiver  installations,  such  circumstances  arc  rare.  Another  important  signal  attribute  is  self- 
itilerfeience,  which  may  render  the  signal  from  a  particulur  station  unusable.  An  example  is  long-path 
inictfctcnce  in  whlcli  the  signal  jaopagaicd  from  the  station  over  the  short  grcut-circlc  path  is  contami¬ 
nated  by,  oj  even  duininalcd  by,  the  signal  piopagatcd  over  the  long  grcat-circlc  path,  Quite  obviously, 
Inicipictlng  a  slgind  as  propagated  ovci  the  wrong  path  usually  causc.s  gross  error. 

Coiiiplexlilcs  aside,  the  basis  of  Omega  is  that  it  must  be  possible  to  relate  phase  changes  in  a 
receivci  to  posiiioii  changes  uii  the  ground,  Indeed,  an  ah.soluic  rclaiionshii)  between  phase  mea.surc- 
incni  and  position  noinially  exists,  Scveie  self-inicrfcrencc  may  destroy  this  relationship  at  certain 
lltnex  andjtlaces,  sutliat  the  incaMiied  phase  becomes  a  random  number  not  uniquely  related  to  position 
or  position  changes  (.see  .Section  6,3,8),  'I'hus,  a  discussion  of  "useful"  phase  characteristics  is  confined 
)n  explaining  plinse  Viniation  (.ve!  paths  with  a  single  donjinant  mode, 

'i  Ills  joctis  on  fdiiglc-inodc  phase  variation  leads  to  an  understanding  of  Omega  very  much  sim¬ 
pler  (loin  that  whkii  would  gciicrajly  Ibilow  fromdiivet  application  of  Maxwell's  equations.  The  basic 
nolloii  Is  llial  ul  a  phuie  wave  wltii  a  pliase  velocity  that  may  change  slowly  in  time  and  space  with  day/ 
niglil  loiiosplieiic  ViuiiUioM*,  changes  in  ground  conductivity,  etc,  Tliis  model  is  used  not  only  because  of 
(tcLiniipai  alive  iiiiillicniiiiir  d  siiiipliciiy.lnit  also  because  it  apply  if  the  signals  arc  to  be  considered 

useful  It  lias  the  gieal  advaiiltige  o(  allowing  propagalion  characieristics  to  be  modeled  using  wcll- 
hjiiivv!!  piiiuinctcts  .such  us  jiath  jocuiio'i  and  orjcniatiun.-  rathe!'  l!)<!n  eleetromugnctic  bouiidury  condi- 
lions  ill  the  ioiMisplicic,  wliich  an;  poorly  known.  Ihtwevcr,  llie  powerful  lull-wave  models  and 
('u)n|>iilii!loiial  icclinlqiies  aic  especially  needed  and  useful  in  answering  the  key  question  as  to  which 
felgnnls  ate  "useful," 


6,2  ^()UMAI,  lU  JIAVIUH  —  LI.Si:i  UL  SIGNALS 
6,2,1  riie  Piilh 

I ..xp'*! ienc'j  in  ‘.'IcLtio!!!!'*!!!'.’ ties  lenc!!'.*!*  two  things'  ( I }  ibcrc  is  n'>  such  tiling  iis  p<’rfect  shield¬ 
ing,  mid  {.2)  hiLkliig  peiknl  sliieldiiig,  evciylhiiig  cvciywhere  affects  anything  anyplace,  We  have  all 
looked  mil  on  ii  scene  w  lieii,  e  vendially,  ii  window,  windsliicid  or  suincihing  assumes  a  perfect  alignment 


to  reflect  the  sun.  We  may  even  find  ourselves  casting  shadows  by  the  reflected  light.  A  previously  unre¬ 
markable  part  of  the  scene  has  just  become  a  major  contributor  of  radiation  incident  on  us.  That  is,  the 
object  has  now  become  part  of  an  effective  “path.”  The  lesson  is  that  it  is  always  conceivable  that  some 
unusual  set  of  circumstances  combine  to  reflect,  refract,  or  focus  electromagnetic  energy  along  a  path 
quite  different  from  what  one  ordinarily  expects.  With  that  in  mind,  one  usually  expects  Omega  signals 
to  follow  a  great-circle  path. 

A  difference  between  the  example  with  the  windshield  and  Omega  signals  is  the  wavelength. 
Although  it  is  easy  to  find  manmade  components  that  are  large  with  respect  to  light  wavelengths,  it  is 
difficult  to  find  or  assemble  structures  that  are  comparable  in  size  to  the  30  km  wavelength  of  10.2  kHz 
Omega  signals.  This  quite  properly  suggests  that  Omega  signals  will  usually  be  received  without  the 
sometimes  troublesome  reflections  from  structures  often  found  at  higher  frequencies.  However,  it  does 
not  ensure  Omega  reception  via  the  great-circle  path.  Also,  natural  features,  e.g.,  coastlines  and  the  day- 
night  terminator,  can  easily  be  large  with  respect  to  a  wavelength. 

If  there  is  a  marked  asymmetry  between  conditions  right  and  left  of  a  propagation  path,  the  great 
circle  path  assumption  should  be  questioned.  Basic  principles  of  electromagnetics  and  optics,  such  as 
Fermat’s  Principle*,  do,  indeed,  apply  to  Omega  signals.  However,  in  the  absence  of  extremely  anoma¬ 
lous  conditions,  one  does  not  expect  that  path  deviations  would  be  sufficient  to  cause  phase  variations 
much  different  than  those  expected  on  a  great-circle  path.  Thus  one  expects  the  steady  state  propagation 
calculations  based  on  great-circle  paths  to  be  relatively  accurate.  However,  if  the  day-night  terminator 
intercepts  the  path,  the  apparent  diurnal  pattern  or  direction  of  arrival  could  be  different  from  that  pre¬ 
dicted  by  steady-state,  great-circle  calculations. 

An  important  concept  is  that  of  the  effective  propagation  path.  From  the  hop  theory  of  radio 
propagation  (Chapter  5,  Section  5.1),  it  is  apparent  that  no  energy  reflected  directly  over  a  receiver  will 
reach  the  receiver.  Rather,  the  rays  that  contribute  primarily  to  the  signal  at  a  remote  point  are  those 
launched  and  received  more  or  less  tangentially.  For  D-region  ionospheric  heights,  a  tangential  launch 
corresponds  to  a  first  ionospheric  interaction  at  about  9  degrees  of  arc  (1000  km)  from  the  transmitting 
source.  As  this  is  an  absolute  limit  in  hop  theory,  a  smaller  figure,  such  as  6  or  7  degrees  (700  to  800  km) 
is  expected  for  a  typical  path  shortening.  (In  waveguide  theory,  calculations  of  the  size  of  the  first 


*Sometimes  referred  to  a  Fermat’s  Principle  of  Least  Time  but  used  here  in  the  more  modem  sense 
wherein  the  path  traced  by  a  beam  of  electromagnetic  energy  represents  a  minimum,  inflection,  or 
even  a  maximum  in  time.  A  modern  statement  is;  Any  path  from  A  to  B  whose  length  is  stationary 
with  respect  to  a  variation  of  path,  and  only  such  a  path,  is  an  actual  path  from  A  to  B. 
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oblique  Fresnel  zone  lead  to  similar  results).  Effectively,  a  portion  of  the  first  (or  last)  6  degrees  com¬ 
prises  the  excitation  (or  de-excitation)  region  while  in  the  mid-path  the  signal  phase  is  modeled  by  incre¬ 
mental  phase  velocity  or  wave  number  contributions  along  the  great-circle  path.  The  notion  of  an 
effective  path  is  developed  more  extensively  in  Chapter  9  (cf.  Fig.  9.3-2). 

The  distinction  between  total  geometric  path  and  effective  path  is  especially  important  when  it  is 
remembered  that  7  degrees  of  arc  on  an  east-west  path  corresponds  to  about  a  half  hour  at  the  equator  and 
more  elsewhere.  Thus  the  distinction  is  especially  obvious  when  considering  diurnal  phase  change. 
Figure  6.2- 1  shows  a  portion  of  a  hypothetical  diurnal  phase  variation  near  sunrise  on  the  eastern  end  of 
an  approximately  east-west  path.  Once  the  terminator  begins  its  transit  through  the  mid-path  region,  the 
diurnal  rate  of  change  will  be  on  the  order  of  10  cec/Mm*  depending  on  path  details.  For  an  equatorial 
east-west  path,  the  15  degree/hour  rotation  rate  of  the  earth  corre.sponds  to  1667  km/hour.  Thus  the  slope 
of  the  diurnal  change  is  17  cec/hr  but  can  be  much  higher  for  a  north-south  path.  The  consequence  of  a 
half-hour  error  in  estimating  the  transition  onset  time  is  indicated  by  the  dotted  line  in  1  ig.  6.2- 1 .  The 
solid  line  shows  the  situation  with  the  transition  beginning  with  the  start  of  mid-path  illumination  at 
point  B,  that  is,  when  the  sun  illuminates  the  area  at  the  effective  eastern  path  end.  (Ref,  1  describes  the 
situation  in  more  detail,  especially  in  Fig.  4.) 

Experimental  evidence  supporting  the  notion  of  an  effective  path  may  be  obtained  as  follow,*;. 
First,  examine  the  start  of  sunrise  on  a  north-south  path  when  the  illumination  occurs  simultaneously  at 

0  Vj}ii4 


Time 

Figure  6.2-1  Phase  behavior  at  Start  of  Sunrise  on  a  I  ,ong  hast-West  Path 


*Mm  is  the  abbreviation  for  megametcr,  a  1000  km  unit  of  distance. 
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al!  points  on  the  path,  '1  his  time,  corresponding  to  points  A  or  H  in  Tig.  6  2-1,  can  be  determined  to  an 
accuracy  of  I  to  3  minute.',  using  a  continuous  analog  recording,  Then,  compute  the  solar  zenith  angle 
corresponding  to  this  start  of  sunrise.  (As  calculated,  this  angle  corresponds  to  the  moment  when  the 
sun's  first  feeble  rays  strike  the  ionosphere  from  imdcmraih  (68’;,]  Use  this  defining  zenith  tingle  to 
dctciTninc  where  sunrise  begins  on  an  cast- we.st  path.  As  expected,  the  answer  turns  out  to  bo  about  6  de¬ 
grees  us  shown  in  Table  6,2- 1  (fruin  Ref.  1 ). 


Tiible  6.2-1  Kn(l-)*ii(ti  Size  from  !*liii.se  Kecordingx 


PATH 

NUMaSR  OP 
MEASUREMENTS 
(Oayt) 

SUNRISE 
END-PATH  SIZE 
(degree!  of  ere) 

Norway  -  Now  Yoik 

22 

0.1 

Trinidad  -  Norway 

ie 

7.0 

Hawaii  -  Trinidad 

(5 

6.1 

Hawaii  -  New  York 

31 

2,7 

Hawaii  -  San  Diego 

f. 

7.0 

Now  York  -  Trinidad 

32 

6.6 

Now  York  -•  Hawaii 

23 

4.2 

Median 

22 

6,1 

6,2,2  Spi'cilU'  S|Hi(ii(l  IlvIiMvIor  On  Kadliil  Puths 

Ktidial  paths,  i.e,,  those  directly  outward  from  sltition*.,  arc  the  most  easily  analyzed.  While  of 
little  direct  value  to  systcni  calibration,  greet  insight  cun  be  gained  from  examining  signtil  vai  iuiion  over 
a  few  specific  paliis  uiulci  simplified  hut  real  conditions,  'j'liis  means  that  while  path  orientation,  mag¬ 
netic  field,  and  grouiid  condiiclivity  may  vary  along  the  jialh,  the  variation  Is  relalivcly  slow,  In  measur¬ 
ing  sigtiah.  along  radial  patlis,  it  is  mure  cunvenieni  to  exumiiic  signal  amplitude  luthcr  than  phase. 
While  phase  varies  rapidly  along  a  path  and  Is  dltficult  to  measure  aiul  rerercncc  to  exact  position,  ampli¬ 
tude  is  readily  measured  and  varies  more  slowly  so  that  it  is  easily  referenced  to  ajiproximale  positions. 
1‘urlhcr,  the  character  of  the  amplitude  variation  reiatc.s  closely  to  the  character  of  the  phase  variation;  a 
simple  amplitude  variation  will  correspond  to  u  single  dominant  mode  and,  hence,  a  simple  phase 
variation. 


I'igurc  6.2-2  shosvs  amplitude  variation  ineasiiicd  on  an  aircralt  Hying  from  the  La  Kcunion 
Intnsmitling  stati'*!!  on  a  s'julhwc.st  bearing  during  daytime  eondllions.  As  can  be  seen,  variutioii  is  quite 
smoolli  cxcej)i  at  a  dislaiKc  near  3(K.)  km  lioni  (he  transmitting  siiition,  This  range  curicsponds  ruughlv 
lo  the  sky  wave  grouiulwavc  inlei  fcicine  expected  by  ray-lioj)  Iheury,  Nule  that,  within  the  region  very 


0-36386 

3-22-94 


Figure  6.2-2  10.2  kHz  Omega  La  Reunion  Signal  Amplitude  Along  a  Nearly  Radial  Path 

(235'’-253'’  Geographic  Bearing)  During  Path  Day  (0705-1310  UT) 

close  to  the  transmitting  station,  propagation  is  essentially  by  groundwave.  At  greater  distances  along 
the  path,  a  dominant  first  mode  is  established  and  variation  is  again  uniform. 

Figure  6.2-3  depicts  a  similar  situation  except  that  the  path  is  nearer  the  magnetic  equator  and  the 
signal  is  at  a  higher  frequency.  The  variation  is  more  pronounced  showing  the  presence  of  a  slight  com¬ 
peting  mode  even  out  to  a  range  of  2  Mm  and  beyond.  The  character  of  the  amplitude  variation  indicates 
effective  interaction  between  a  dominant  mode  and  a  single  competing  mode.  In  this  case,  it  is  possible 
to  relate  peak  amplitude  deviations  to  peak  or  root-mean-square  phase  deviations.  For  the  5  dB  maxi- 
mum-to-minimum  amplitude  variation  occurring  at  a  range  of  about  2  Mm,  an  associated  maximum 
phase  deviation  of  about  4  cec  is  obtained.* 

Figure  6.2-4  is  similar  to  Fig.  6.2-2  except  that  the  signal  amplitude  is  measured  at  night.  The 
severe  fade  at  400  km  is  sufficient  to  suggest  the  possibility  of  cycle  slipping  (cf.  Section  6.3.8).  How¬ 
ever,  as  range  increases,  interference  rapidly  dies  out.  This  is  a  good  example  of  a  mid-latitude  path 
becoming  dominated  by  a  single  mode  at  night, 


^'Computation  is  straightforward,  however,  a  convenient  nomograph  is  derived  and  given  in  Ref.  35. 
It  relates  relative  mode  strength,  size  of  observed  maximum-minimum  fades,  peak  phase  deviation 
and  RMS  phase  deviation  for  two  competing  modes. 
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Distance  (megameters) 

Figure  6.2-3  13.6  kHz  Omega  Hawaii  Signal  Amplitude  Along  a  Radial  Path 

(64°  Geographic  Bearing)  During  Path  Day  (1510-2340  UT) 

Figure  6.2-5  illustrates  a  case  of  severe  interference.  It  shows  interference  at  night  on  a  west- 
hound  path  not  on  the  geomagnetic  equator  but  in  the  lower  mid-latitudes.  Interference  between  modes 
is  severe  and  the  signal  is  considered  unusable  for  navigation  even  though  the  amplitude  is  reasonably 
high.  It  may  be  compared  with  computations  shown  in  Fig.  5.5-5.  While  the  curves  show  differences,  as 
might  be  expected  from  variations  in  flight  azimuths  as  well  as  from  routine  night-to-night  ionospheric 
variations,  both  indicate  severe  interference. 

6.2.3  General  Spatial  Behavior 

This  section  addres.ses  spatial  variation  of  signal  behavior  particularly  as  is  needed  for  system 
calibration.  Discussion  of  these  variations  provides  a  basis  for  development  of  Propagation  Corrections 
(PPCs)  as  is  discussed  in  Chapter  9.  The  interpretation  developed  here  is  appropriate  for  the  explanation 
of  v/ell-behaved  signals  useful  for  navigation,  that  is,  most  Omega  signals.  A  unified  approach  is  used  in 
which  all  aspects  of  spatial  variation  are  addressed  simultaneously. 

Spatial  variation  is  best  considered  by  first  restricting  other  variations  as  much  as  possible.  This 
means  selecting  data  free  from  the  effects  of  geophysical  disturbances.  A  second  selection  is  by  consid¬ 
ering  measurements  during  only  two  diurnal  conditions;  “day”  and  “night.”  In  discussing  propagation. 
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Signal  Amplitude  (dB/1  microNoIt/mcter)  W  Amplitude  (dB/1  microvolt/meter) 
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4  10.2  kHz  Omega  La  Reunion  Signal  Amplitude  Along  a  Radial  Path 

(253°  Geographic  Bearing)  During  Path  Night  (1440-2105  UT) 
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Distance  (raegameteis) 

Figure  6.2-5  13.6  kHz  Omega  Hawaii  Signal  Amplitude  Along  a  Nea.ly  Radial 

Path  (273°-2Sl°  Geographic  Bearing)  During  Path  Night/Sunrise 
(1235-1840  UT,  0905-1425  UT,  0755-1525  UT) 


“day”  means  that  an  entire  propagation  path  or  paths  is  illuminated  while  “night”  means  that  the  path  or 
component  paths  are  entirely  dark.  A  further  restriction  is  to  those  measurements  corresponding  to  prop¬ 
agation  by  Mode  1 .  From  Section  6.2.2,  spatial  variation  may  be  treated  as  if  signals  actually  propagate 
over  great-circle  paths.  A  further  convenience  is  that  the  point-to-point  variation  of  propagation  param¬ 
eters  along  typical  paths  is  usually  small.  For  example,  even  a  change  from  sea  water  to  land  typically 
corresponds  to  a  change  of  phase  velocity  of  only  a  few  parts  in  10"^.  Also,  for  the  selected  day  or  night 
periods,  point-to-point  ionospheric  variations  are  comparably  small.  These  are  the  required  conditions 
supporting  a  model  incorporating  path  averaging  wherein  the  resultant  signal  characteristics  can  be 
explained  by  incremental  variations  attributed  to  characteristics  along  a  path.  (This  method  is  also  used 
in  the  full-wave  computational  models  mentioned  in  Chapter  5,  Section  5.1.)  In  mathematical  form,  this 
model  not  only  provides  a  means  of  predicting  signal  characteristics,  it  also  provides  a  means  of  deter¬ 
mining  the  sensitivity  of  Omega  signals  to  the  various  parameters  through  regression  analysis  on  an 
appropriate  database  (Ref.  2).* 

Within  the  constraints  of  this  model  of  spatial  variation,  it  is  important  to  realize  that  there  is  no 
essential  difference  between  a  phase  measurement  and  a  phase-difference  measurement.  Both  reflect  a 
mathematical  combination  of  incremental  phase  shifts  over  a  variety  of  propagation  conditions.  There 
is,  perhaps,  a  tendency  to  regard  a  single  radio  propagation  path  as  a  “thing”  of  unique  physical  impor¬ 
tance  while  a  phase-difference  is  considered  a  mathematical  artifact.  This  is  simply  not  true.  Indeed,  the 
resultant  phase  over  a  simple  path  on  the  real  earth  represents  propagation  over  a  variety  of  conditions  so 
the  measurement  cannot  be  associated  with  any  single  condition  —  any  more  or  less  than  a  phase- 
difference  could.  Our  thinking  perhaps  gets  muddled  by  oversimplifying  to  an  idealized  earth  that  is 
both  homogeneous  and  isotropic;  the  real  world  is  neither. 

Thus,  in  a  sense,  phase  and  phase-difference  measurements  are  interchangeable  as  data  for  the 
study  of  spatial  phase  variation.  This  is  indeed  fortunate  as  phase-difference  measurements  are  easy  to 
make  while  direct  phase  measurements  are  extraordinarily  difficult.  Direct  phase  measurement  requires 
not  only  a  local  clock  precisely  synchronized  to  the  transmitter,  it  also  requires  an  antenna  arrangement 
free  from  coupling  to  local  objects.  Such  coupling  can  distort  phase  measurements  by  nearly  90°  but  will 
affect  all  signals  similarly  so  that  phase  differences  are  not  perturbed  (Ref.  3). 


^Applied  to  phase  prediction  over  a  signal  path,  the  mathematical  development  referred  to  here  i* 
covered  in  Chapter  9. 
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A  difficulty  in  making  meaningful  phase  or  phase  difference  measurements  is  the  need  for  accu¬ 
rate  reference  survey.  Since  Omega  navigation  utilizes  signal  phase  or  phase-difference,  it  is  not  surpris¬ 
ing  that  measurements  of  these  quantities  are  very  sensitive  to  the  position  of  the  receiver.  A  hyperbolic 
instrumental  accuracy  of  one  centicycle  at  10.2  kHz  corresponds  to  a  displacement  of  150  meters  on  the 
baseline  connecting  the  pair  of  stations.  Even  today,  reference  data  on  which  maps  are  based  may  not  be 
that  good.  This  is  particularly  true  when  it  is  remembered  that  the  position  of  importance  is  the  receiver 
with  respect  to  the  station(s)  which  may  be  on  different  continents.  Presently,  the  Global  Positioning 
System  (GPS)  provides  the  best  reference. 

Within  the  interpretive  framework  outlined  above,  each  signal  measurement  is  associated  with 
particular  defined  incremental  geophysical/electromagnetic  conditions  such  as  ground  conductivity, 
geomagnetic  latitude,  path  orientation,  etc.  Further,  regression  analysis  of  this  set  of  measurements 
reveals  particular  sensitivities  of  Omega  signals  to  each  of  the  various  conditions.  Essentially,  this  is  the 
means  of  calibrating  the  spatial  variation  of  Omega  signals.  Two  especially  good  features  of  the 
approach  arc:  ( 1 )  there  is  a  means  of  improving  calibration  through  acquisition  of  more  data  and  repeated 
regression  analysis,  and  (2)  the  required  path  parameters,  e.g.,  path  orientation  with  respect  to  the  geo¬ 
magnetic  field,  are  known.  The  latter  circumstance  is  particularly  desirable  when  contrasted  with  ap¬ 
proaches  requiring  ionospheric  electron  de. .  sity  profiles  that  are  not  well  known.  An  undesirable  aspect, 
perhaps,  is  that  the  entire  system  calibration  problem  is  addressed  at  once.  This  makes  it  difficult  for  the 
student  to  grasp  the  various  aspects  separately. 

The  results  of  regression  analysis  can,  however,  be  displayed  as  phase  velocity  variations  with 
respect  to  the  various  parameters,  e.g.,  ground  conductivity.  One  can  also  display  phase  velocity  varia¬ 
tion  as  a  function  of  direction  for  various  geomagnetic  latitudes.  This  shows  that  signal  behavior  is  much 
more  sensitive  to  small  changes  in  path  conditions  during  the  night  than  during  the  day  and  much  more 
sensitive  near  the  geomagnetic  equator.  Regre.ssion  analysis  also  was  used  to  locate  and  evaluate  veloc¬ 
ity  variations  due  to  propagation  under  the  auroral  (or  austral)  zone  (Refs.  4  and  5). 


6.2.4  Diurnal  Behavior 

Unfortunately,  Omega  signals  vary  in  time  as  well  as  in  space.  For  a  navigation  signal  attribute, 
one  would  prefer  something  that  varies  only  with  position  in  a  mathematically  simple  way.  However,  the 
.spatial  variation  of  phase  depend.s  on  path  orientation,  ground  conductivity,  etc.,  in  a  rather  complex 
way.  The  effect  of  spatial  variations  can  be  simplified  by  selecting  data  for  two  clearly  distinct  periods: 
path-day  and  path-night.  The  situation  becomes  more  complicated  if  paths  of  mixed  illumination  arc 
considered. 
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!i)  Ihis  disi'iKsiun  .sonic  old  dalii  will  be  used.  The  reader  may  well  wonder  why.  The  reason  is 
lliiit  "lit-iiesi"  .iiiij'lnudc  nicaMiiciiiciUs  of  Oincgu  signals  have  not  been  made  for  perhaps  two  decades, 
1(1 ,1  iiiilio  piiysiti'ti,  ill)  ..im|iliiii'lc  nteasureincnl  should  be  indcpendcni  of  noise.  As  discussed  in  Chap- 
Ici  12,  Ihis  iiifiiiis  iliiit  ihc  icccivcr  Ironi  end  .should  not  limit  the  signals  and,  ideally,  coherent  detection 
slioiild  be  einploycd.  1  he  hiM  equipment  to  do  this  properly  incorporated  vacuum  tubes!  Nevertheless, 
mum-  vwiy  pood  iiiciisuiemcnts  were  made  —  including  those  to  be  presented,  Modern  practice  is  to 
"iiicir.uic"  aiiipliliidc  based  on  an  c.sliniatc  of  noise  and  the  resultant  phase  variance  of  the  Omega  mca- 
miieiiieiil,  1 1lls  IS  liioic  tliiiii  adequate  to  study  the  characteristics  of  modal  interference  using  signal 
1'it‘auiiiiiy  LipiipiMwnt  on  aiKiafi  flying  ladial  p;iths  from  transinilting  stations.  In  an  engineering  .sense, 
II  has  some  .idvaiit.ip'e  m  llial  the  ncwci  lecliiiicjuc  addresses  the  same  signal  after  limiting  that  an  actual 
reLClvci  ssuuld  pioL'cs.,  However,  lot  this  discussion,  we  roiurit  to  tlic  more  fundamental  quantities. 

I  igiiiv  (/,2  (>  (lioiii  kc’l,  21 ;  sli(iw:i  die  phase  over  a  path  beiw'ccn  roicstiiori,  NY  and  Balboa, 
I'aiiiiiiia  t  tiiiai  /oiiv,  whi'.  h  w.is  ojieiiiieil  tlui  ing  cai  ly  system  development,  I'hc  time  period  of  these 
oli!.wi  v.ilmiis  W  as  sel.'cted  so  that  .suiiiise  occurs  simultaneously  over  both  ends  of  the  basically  north- 
!>ou:ii  pa.iii.  bcNCiiti  I'-iiUiics  ii!C  ftppaicm  Ahiiougii  ai'iitpi,  ilic  jshasc  changes  do  not  occur  infinitely 
Iasi,  1  his  suggcsls  lhai  (lie  idtiospheic  has  suiiic  ellcctivc  time  coiisiaiil  in  its  response  lo  tlie  ‘'inslanla- 
netJir."  that  gC  in  illuiiiiiiiitioii:  l.ven  mote  uppaicni  is  a  post-sunrise  dip,  Tims  conditions  during  path 
liaiisMii/i!  ate  ii"l  siiiiple  (ui'elioiis  ol  illuniinalioii,  Some  radio  physicists  altributc  this  behavior  to  the 
b  nipi-i.ii;,  buithiiicii  ol  a  K  lleiiiiu; !a)'ci  of  ioni/alion  at  sunrise,  I'igurc  6,2-7  shows  ampliiude 
Siiiiaiioii  usn  the  .Sitme  p.dli  ildi'.mgli  not  at  the  same  lime  td'year.  Note  the  marked  lade  at  the  end  of 
ftuniise  iiieai  1 266  L' I; 

i  ipiMv  (i.a  n  =ilios-,s  ill'.-  jiliii'iv  wl  nigii.-l-i  over  the  iiicdoiiHiiaiitly  c.ist-wcsi  pLitli  t'lctsveen  liaWi'ni 
mid  I  oie-'i'oM,  N  V,  (Jne  w  ould  e.sp"(.l  ihal  the  segmeiit  hy-scgnieiil  behavior  ol  the  signal  over  this  path 
voidil  be  llileiied  lioiii  I  Ig  6  2-0,  .Stalling  just  bef'iie  .sumi  .e,  llie  liisi  leiituie  ufnoie  is  tbe  marked  dis- 
liiiLt  sail.iiioii  li'fin  the  iilghiiiiii'.'  h'sel  In  I  act,  ilie  liiiie  of  Ibis  onset  can  typically  be  determined  to  an 
iiLi  liiaL)'  o!  aboiil  oii',  iniiiulc  Ijoiii  a  coiiiiimous  lecording  (see  .Section  0,2,1;,  This  alsiupt  departure 
lioni  iiiglii  Is  Lleaily  a  lesiili  u|  iin  abicpi  suiiiisc  --not  agiaduiil  iiiiio.spberic  lowering  relaied  lu  solar 
/cl  I  It  1 1  lUigle  I  liiiigc.  '  'llo'.s  ir;'  lliis  sudden  sliili,  the  simiise  j>liase  tiansilion,  especially,  exhibits  a  eon- 
liliuoiis  I aliip  I  ill  i s  as  esp>’i. led  iis  ti .ti|silio(i  pioeceds  during  .olai  liiiiisil  tliiougli  tlie  mid  jialli,  1  lieie 
Is  (!  sligli!  pi  1.1  se  tie  I  a!  I  oil  a!  the  end  o|  siiiii  ise  as  (Jiie  would  cxj'ect  lioni  segnieni  con  nil  nil  ions  inlei  red 
lioiii  ll.c  iioiili  soiilli  p,)lli  II)  I  ig  ().'J  (i.  t  uniiimmg  in  tmic,  one  notes  a  phase  deeivttse  ruuglily  eojie- 
«p"i)dii)ij  I"  i.i!io|)  (i|  ihe  sol, II  /I-)  III)  angle  dining  the  da)  Moie  pieeisely,  ilie  miiiiniiiiii  idiase  is 
lioli'd  u I  O'. I  III  SIS  iiiiiiiilvs  allci  Ilie  avei.igc  /■eniili  angle  iiiiiiiimim,  II  the  solai  /eiiilii  angle  is  regal ded 


Figure  6.2-6  Diurnal  Variation  for  a  North-South  Path  (Balboa  (Transmitter) 
to  Forestport,  NY,  April  1963)  Near  the  Equinox,  10.2  kHz 

as  an  effective  forcing  function,  the  effective  ionospheric  time  constant  during  the  day  is  shown  to  be  six 
minutes.  We  will  see  this  number  again  and  it  is  important  as  a  measure  of  how  fast  the  ionosphere  could 
respond  to  the  unexpected  as,  for  example,  from  a  solar  flare.  Continuing  in  time,  one  proceeds  through 
the  sunset  transition  returning  to  the  nominal  night  level.  In  particular,  Fii  :  2-8  indicates  that  the  night 
level  is  not  immediately  reached  but  requires  over  an  hour  after  the  solar  ...umination  of  the  ionosphere 
is  ended.  This  suggests  another  means  of  measuring  the  ionospheric  time  constant  at  night.  Figure  6.2-9 
shows  amplitude  over  the  same  path  but  not  at  the  same  time  of  year.  It,  too,  exhibits  qualitatively  the 
behavior  one  would  expect  from  using  the  north-south  ob.scrvation  to  model  incremental  changes.  Note 
that  the  minimum  signal  amplitude  occurs  just  after  sunrise  rather  than  in  mid-day.  Over  a  variety  of 
paths,  the  signal  amplitude  is  about  4  dB  below  nominal  day  level  for  about  an  hour  at  the  end  of  sunri.se. 
As  one  hour  out  of  24  is  about  5  percent  of  the  time,  the  sunrise  fade  is  the  proper  95  percent  design  point 
for  Omega  signal  amplitude  (Ref.  6). 
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Standard  Deviation  of 
Signal  Amplitude  ( |iV/ni) 


L'T  (Hour) 

Figure  6.2-7  Plot  of  Mean  Signal  Amplitude  (A)  and  Corresponding  Standard  Deviation  (B) 
for  the  10.2  kHz  Signal  Received  at  Farfan,  Canal  Zone,  from  Forcstport,  NY, 
27  November'-21  December  1962. 


’I'iinc  (GM’f; 


Figure  6.2-8  Average  10.2  kll/  Phase  ':>f  the  Haiku,  111  Fransinitled  Signal 
Received  at  Forcstport,  NY,  17“2d  May  1906 
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U  l  (ll-ui; 

Fljjiiro  6,2-9  I'lol  (»r  Avcraw'  1  icid  S(tcii^;Ui  (A)  iiml  Stiiitdiiul  I  (H) 

(01  (III*  10,2  Ml/  Kvocivt'd  til  Kotnc,  NV.  Tiiiiioi'MlCiJ  lioiii  IKiiKu, 

I  jaWiiii,  24  Octobcf  10  Novciiil'Ci  1962, 


Oidiiiiirily,  one  thinks  ul  a  "iiujic/oi<liil"  ihuinul  jihtisc  1  he  i/ajK'/oiil  is  ihkii*  "sqoiiii:" 

on  noilli-suiilli  patlri  ami  less  suuli  cast-west  jiallis,  'I  lih  is  a  lallici  iiiipcilCLl  inudcl  Not  uiil>  h.  tin'll 
always  iiii.”Ke(J  "ciii  vaUlie"  diiiinp,  the  ilay,  hut  llic  hlopc  on  Ihe  liu)ti/uKliil  Icps  Is  imi  sl',isi,!|iI  I  ni 
cxiiinple,  a  path  wcsiwaid  fioni  Unicg.i  Nui  \i'ijy  stiiils  with  a  slow  diuinai  Viiiiiiijoii  ihiii  iiubsluiili.illy 
incit.iscs  as  the  path  htcoiiies  molt  iitiiily  noilli  south  ntiii  the  cquaioi,  'Ihtic  Is  also  iin  unusual 
'‘double"  diurnal  cireei  tan  ottur  on  vciy  hiiih  liiiiiude  paths  (set  Kcl,  .Vi,  Apji  11}.  li  is,  howcvci,  ii 
diiect  result  g|  the  individual  path  scj;meiil  toniiihiilions 

A  tlarilitation  is  needed  on  the  "diiytinie"  phase  pievlously  hiiioiluLed  In  (lie  xp.iintl  diMUishai 
'I'lie  data  ileaily  iiidieutt  pluisc  thaiip''s  hlnwly  hut  cunliiiuuusly  (luiiiip;  the  day,  A  "daytiiij""  phase  suhic 
tail  be  ubtaiiiei’  'ny  ‘  aujiisiinp"  die  liaia  to  toriespoiiu  to  a  siiuiuion  in  wiiitii  a  p,iiii  is  lioiniaiiy  liiuniiiiaitu 
iwciye.'lii’ie,  tJiir  tan  pel  vtij  i  level  and  use  (he  aveiap''  ailjiistin''iil  iis  a  lepitssn'ii  './nialile  M  iloiie  tm 
I etily,  one  would  CApett  lias  to  lie  uniiiipoi  i,ij  i,  In  pi ,ii, lii  e,  itpiessji  in  sh'  iw  a  the  iidjuitnieiil  to  1 b,r  )■,  ally 


tuiictl.  itif  ndjii'iliiicnl  U  iiidic  iicuily  itflcillvc  ul  utasuiiul,  (nilici  tlitiii  illuiiuil,  Lliaiigi',  tills  liiJiLalcs 
lliiii  tli'.ic  is  liltli;  dCinuiitil  vuiialiuli  ulliti  tliiiii  llhil  ilidit  jilt'd  bj  IIk'  /Ciillli  iili^ls'.  (AiUIl  iiluis  tuuld  !>t'  iill 
i'iiti'l'tiLili  lu  this  but  Kii'uliul  tlidJigt'  bt'i  uliit's  Hiincwhal  jiidjstinj^titsliublc  It-  ni  the  da)  iii^'lil  LhyJigrs 
modeled  b)'  ipfiiia!  Uicui),) 

SVe  iliMuld  ftiiliici  liutc  (liut  the  nddicsscs  tuthci  |>trL|sc  incnsiitL'tticiils  uf  titi!]’llludc 

tilid  |‘<bast'.  Nbi'it  UiCl  s  Ilf  auluinutit  t'^iil{'>iiC!il  du  iiu',  lliCtC  si^tial  tuliip' iliciil*  bul  uiil)  the  itaUiiatjl 
fix  dflt'i  l'iu('iigHtiuu  Cuiit’wlluiis  (I'l't.iJ  Hie  Hj'j'llcd.  Llenil),  ii  iliiall  riiiii  lii  liaiislli'ili  III!!'.*  uii  ii  I'i'L 
tttl!  )i‘ild  H  t  III  jiiedii  'if'i!  duilli^  n  liaiuili'iM  -  j'.iillt  ulai  I)  mi  a  li"llli  suulli  path  SS'hik*  tli'.' 
li|".'Hlaljiill)  wl  I'liast  iiiiumii  iiitiiU  Is  HI)  ^'"id  diiiilin  lialisiliujis.  Hit  diljitilil)  ui  inudwlili^'  siJ^gi  sis 
ii  stiai'Jg)  id  "dt  ‘A uiglilllig  '  lilt  y  duillig  lapltl  tialislli'jlis, 

Nult  Ihiit  llilf  kt'kUuli  lilts  Iill  lit skt'd  lilt  dltiMiiil  talhitl'iMul  tlgiiaU  vt  lilt  ll  alt  tuiitiiiU'iUtl)  duihi 
(lilU'd  b)  tilt  iii  d  piuj'  igHUui!  iiiudt,  'I  Ills  isthfusuHlI)  I'll  Viiiliiig  tase  iiinl  Ihr  tiii't  wliltli  iiiusi  piiviill 
lm  llii*  higiiiils  (ubt  usulul,  betlluiis  (jJ.is  and  (i.bdistussi  flic  ease  ui  iiiudal  iiilei  III  elite,  leveialexatii 
I'les  ul  uLtu'iu’iJ  I'b.ut  viiiiiitl'iii,  iiuiiiiitl  mid  ssitli  liiiiik'iiiiti,  ale  giH’ii  In  hetlimi  0,0, 
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iS'jiil'.li  (i,t  ii'hlltssts  "iimiiiiil  btli!is!"l"  ih  insutlaltd  ssilli  ihilu!  tign.ils,  'Ibis  sitiimi,  Im,', 
iidiliLtits  "ii'.iiiial"  bibasim  as  ib'Ui  tbaiatlt'l isllti  luiiiiii  ai  Ui  liiusi  signals  Ulnlel  suliit  luiidilimis 
ij'bites  ul  iiiht's],  ib'JLigli  iiu!  llatse  iisiutliilv'd  stHli  ibl  usual  dtslhibjt  btlnivlm  1  lit  d|siiiiti|>i|i  is  ibui 
lilt  ligihils  dlstusttd  btit  ‘.(ilila'l  !'t  Used  b.l  IniS  Igt'llnli  Allb'nigb  Itss  ti.*liilii''l!l)  tjiLiiUnUltd,  Ibtsi 
liliiHiibmis  uii  slgn!!l  use  ait  InijHii  iijii!  ijj  iiiut b  Ibt  laint  ssa)  iba!  il  h  |)j!|'< a  jaiil  lu bti|'  a  i ' 'liiii  apl'b  iiu! 
ul  a  jilt  Uiiitga  iillti',  giti!l  i‘.'>Ju|jdii!jt)  liidttd.  ibt  sliLiigib  ajiil  tbiuatlti  u)  (J|jit|;.i  signals  alt  sutb 
iba!  It  s  tl!  ustl  III  signals  alt !)  I  'It  all)  !  1 1 1  Is  td  a!  1 1|.2  K 1 1  /  aluin  I M  t !  >■.  7i  H,  and  V/.  ISu!  Il  Is  nett  ssai)'  tu 
l  ijuvt  ssbitli  slj’iiiils  III  list  and  svbltb  lu  ‘  Uc  sckci  " 

U|"  lall'iniill),  tustiagi  IliiillijUuii''  tasll)  dis bit  ilitu  hsu  tbissts;  I ! )  (ijust  Ibai  j'lttlutlt  inta 
suitliM'lll  ul  till'  signal  and  (df  llaut  llnil  du  liu|  'Hit  lalltl  l)'|"'  alt  tspi  iliill)  lii'ildluui,  'llii'lt  tilt 
liiiliiii'  ts  sslitit  a  sliuiig  sign  il  Is  littlstd,  lail  Is  uf  iiu  \abit  lui  nasigalluii  ‘I  la  it  aii  '.lit  iiiiisl.iiicts 
ssbtu  ibt  itteiMd  {'bast  ilia)  I't  a  iiiiiilniii  miiiil'ii  tstll  ib'iiigb  (bt  aiiij'biijdt  |"iiiilts  i,tt.iiiali;  inta 
kuitiiitii!  iiiiit t  il  usti  Ilia)  1,1 1!  lit  tiiiit  iiiiititti  {iiuiiitiii  signais iia.cii  uni)  mi  ititiviu  iiijuni)  muii, ./ 
)>/  /,  >  /  / 1 1 1  s  I  j  il  at  1 1  sl!  It !  I  un  'i  ba  M  b  >' t  !i  lit  s  t  b  1]  "'ll  lu  I  a '  >  vidt  gnld  iila  c  uli  lla'  salt  !i  st  >  d  signals  A I  s, i  ii 
kuna  til',  iiiiistaiii  t  s,  u  ttr,  ti  s  i  an  bt  puigi  ainiiiitl  in  dtlit  I  and  avuhl  list  id  niisiilt  signals. 


Ciicuin^Uinccs  that  preclude  adequate  nieasurcincni  of  signals  arc  those  that  yield  an  inadequate 
fci^nal'lo  noisc  ratio  (SNK).  The  root  cause  may  be  low  signal  strength  or  high  noise  (or  interference). 
These  Lunditions  arc  serious  in  that  Omega  navigation  may  be  precluded,  but  at  least  provide  no  misin- 
foi  Illation,  It  wouldbccxtraordiriarily  incompetent  for  any  person  or  equipment  to  process  phase  values 
under  cuiiditions  allowing  inadequate  measurement.  Observability  (in  terms  of  SNR)  is  easily  evaluated 
at  the  receiver  (Chapter  12), 

bignal  self  iiilcrfcicnce  is  potcnlially  dangerous  in  that  the  user  cannot  be  guaranteed  any  means  to 
dcicimliie  the  condillon  lyculiy,  .Sclf-intcrfcrcncc  includes  modal  interference  and  long-path  interference 
I'clweeii  sigiinls  received  over  ihc  long  as  well  as  the  short  arcs  of  the  grcal-circlc  path.  While  thi.s  section 
iiiljoducc.s  coverage  limilalions  based  on  pliysics,  expectations,  and  ob.scrvations,  Chapter  10  describes  a 
wide  aiitiy  of  covciag'-  tools  that  have  been  developed  for  guidance,  regarding  signal  prediction. 


NoUi*  iind  liiU'iTerviK'v 

Any  I'lailoim  —  ship,  aiivralt,  or  land  vehicle  —  will  generate  both  noise  and  interference, 
Noise  and  iiilcil'  leiice  may  also  be  geiieratcd  by  nearby  sources  off  the  platform  itself,  For  example,  arc 
wcldci*  in  sliipyaids  aic  troublesome,  iis  are  some  equipments  used  at  aircraft  gates,  Additionally,  light¬ 
ning  insociiiled  'viiti  tliumlcrsiorms  cuiiirilnitcs  a  background  noise  level  worldwide, 


Ul  ihi'sc,  most  signal  lo-noisc  coverage  assessments  consider  only  the  thunderstorm-generated 
noise,  whlcli  selves  as  a  general  backgrouiul  level.  It  is  manifcsily  impossible  to  know  in  advance  the 
piii.siinjiy  luamiK  v/eldei  oi  the  panicidai  iiii|)erfcctionsofim  iiislallaliun.  Worldwide  noise  data  can  be 
uhliiiiicd  lioiii  L'L'IK  tables  ui,  licliei,  from  a  thunderstorm  ceiiier-based  approach  (Refs.  10, 1 1 ,  and  12). 
(hie  i.liaiacteiisilL  o|  i|mndi;rsloriii  generated  noise  is  that  it  is  highly  impulsive.  Indeed,  a  processing 
gain  ul  about  12  dll  can  be  obtained  toy  discriminating  against  the  noise  spikes  (cf.  Chapter  12).  All 
wuildwide  mdse  d.ita  icpicseiil  siallsiica!  iivcraiji's.  Statistically,  at  some  place  and  time,  whatever  is 
sj'CLilied  svill  he  cxcc'.-ded, 


'1  he  di^linetil/ll  between  noise  and  i'lleilereiiee  is  one  ol  eoheicnee.  'riicoretically,  a  harmonic  of 
a  loeal  powei  licquem.  y  iiiighl  exceed  the  level  of  an  Omega  signal  and  thus  capture  phase  tracking  in  a 
leeelvti,  In  I'l.u.iKe.  powei  liequeiieies  aie  raiely  veiy  stuhle  —  es|iecia!ly  on  vehicles  —  and  harmon- 
n  s  do  IM'I  lend  to  slay  witliin  Ii.k  king  li,iiidwidtlis  long  enough  to  be  tioiiblesoine. 
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Generally,  a  discussion  of  how  to  reduce  local  noise  and  interference  sources  is  of  place  in 
this  section.  However,  system  personnel  should  be  aware  that  the  problems  are  quite  le; '  s  hile  a  prop¬ 
er  response  to  a  user  may  well  be  “clean  up  the  installation,”  this  may  not  prove  easy.  Ho\  a:  ver,  locally 
generated  noise  and  interference  can  usually  be  adequately  reduced. 

6.3.2  Amplitude  Limitations 

The  typical  standard  deviation  of  the  amplitude,  or  “field  strength,”  of  an  Omega  signal  at  a  fixed 
time  of  day  is  about  1  dB.  There  is  considerable  day-night  variation  and  a  “fade”  of  about  4  dB  at  sun¬ 
rise,  but  ordinarily  the  received  field  strength  is  very  stable  (Ref.  6). 

Field  strength  is  usually  not  only  stable,  but  high.  Attenuation  rates  are  low  —  sometimes  lower 
than  1  dB/Mm.  As  will  be  noted  in  following  sections,  one  can  usually  detect  an  increase  in  field 
strength  near  the  antipode  of  station  due  to  focusing  on  the  spherical  earth.  A  significant  limitation  is 
self-interference  due  to  signal  propagation  over  the  long  path  more  than  halfway  around  the  world. 

One  of  the  few  circumstances  that  limits  Omega  usage  due  to  field  strength  alone  is  when  signals 
propagate  over  regions  of  the  earth’s  surface  with  extremely  low  conductivity.  Only  two  areas  of  the 
world  have  sufficiently  low  conductivity  and  are  large  enough  to  be  notable  limitations.  From  a  signal 
propagation  viewpoint,  Greenland  can  be  well  approximated  as  a  bowl  of  ice  about  3000  m  thick.  Atten¬ 
uation  rate.s  can  reach  30  dB/Mm  when  the  ice  pack  is  illuminated  by  the  sun.  This  acts  as  a  “switch”  to 
turn  off  Omega  signals.  Antarctica  is  similar  to  Greenland  in  this  sense.  A  caution  regarding  theoretical 
studies  of  signals  over  tliese  areas  is  that  the  effective  ground  conductivities  are  not  well  known  —  espe¬ 
cially  as  the  skin  depth  of  Omega  signals  over  Greenland  can  reach  1  km.  It  is  also  true  that  the  electrical 
permittivity  becomes  important  at  very  low  conductivity  and  this,  too,  is  not  well  known,  (cf.  Chap¬ 
ter  5). 

Several  of  the  coverage  “holes”  speculated  for  Omega  are  in  areas  closely  adjacent  to  Greenland 
and  Antarctica  (Ref.  13).  These  are  instances  where  a  geometrically  needed  signal  is  severely  attenuated 
passing  over  ice  while  the  noise  comes  from  an  equatorial  direction  and  suffers  little  attenuation.  Note  that 
the  problem  of  signal  reception  at,  say,  the  South  Pole  is  essentially  one  of  receiver  design  and  clean  instal¬ 
lation.  Noise  and  signals  all  come  from  outside  the  region  and  are  affected  equally. 

6.3.3  Near  Field 

Within  the  near-field  region  close  to  stations,  the  modal  structure  is  complex.  In  a  sense,  this  can 
also  be  thought  of  as  a  modal  interference  region  although  it  is  best  to  think  of  the  near  field  as  an  area  in 
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which  the  skywaves  and  groundwave  interfere.  An  example  of  structure  in  this  region  has  already  been 
presented  (Fig.  6.2-4).  Thi.s  area  is  conventionally  omitted  from  coverage.  It  is  usually  approximated  by 
a  circle  of  radius  1  Mm  centered  on  the  transmitting  station.  Although  the  detailed  size  and  shape  docs 
vary  from  day  to  night,  station  to  station,  and  frequency  to  frequency,  this  simple  approximation  has 
sometimes  been  applied  in  coverage  evaluations  because  the  coverage  area  varies  with  the  square  of  the 
signal  range;  thus  less  than  one  percent  of  the  possible  coverage  area  is  affected. 

Signal  use  within  the  near  field  but  closer  to  a  station  than  the  sky  wave-groundwavc  interference 
itself  is  possible.  Propagation  within  this  region  is  essentially  groundwave  and  thus  quite  stable  and  pre¬ 
dictable.  There  are  three  complications;  (1)  signal  levels  are  high,  thus  possibly  causing  pha.se  shift  with 
amplitude  in  poorly  designed  receivers;  (2)  fix  geometry  often  depends  sensitively  on  position,  thus 
possibly  causing  problems  in  inadequately  designed  automatic  receivers;  and  (3)  at  ranges  less  than  a 
wavelength,  both  the  inductive  and  static  field  contributions  need  to  be  included  in  phase  predictions,  It 
may  be  noted  that  station  monitors  routinely  operate  very  satisfactorily  at  about  one  wavelength.  Opera¬ 
tional  regions  of  predominantly  groundwave  reception  include  Honolulu  and  Pearl  Harbor,  Hawaii 
(Omega  Hawaii),  the  Bass  Strait  (Omega  Australia),  and  Japanese  and  Korean  coastal  waters  near 
Tsushirria  (Omega  Japan). 

6.3.4  Modal  Interference 

Modal  interference  limitations  occur  exclusively  on  night  paths.  Beyond  the  near  field,  the  first 
mode  is  always  dominant  on  short  (<  20  Mm),  full-day  paths. 

An  example  where  modal  intericrcnce  extends  great  distances  out  from  stations  has  already  been 
shown  [Fig.  6.2-5].  Sometimes,  as  in  the  case  of  Liberia,  the  interference  i:s  sufficient  that  Mode  1  never 
dominates  at  any  range  betv/een  certain  westbound  azimuths  from  the  station.  At  other  stations.  Mode  1 
may  eventually  dominate. 

Interference  is  much  more  severe  for  equatorial  stations  than  from  those  at  high  latitude.  For 
comparison,  Liberia  is  on  the  geomagnetic  equator,  while  Norway  and  North  Dakota  arc  at  high  geo¬ 
magnetic  latitudes.  A  number  of  stations  are  sited  near  2 1  °  geomagnetic  latitude.  For  these,  limitations 
arise  almost  immediately  when  propagating  westbound  toward  the  geomagnetic  equator.  In  these  ca.scs, 
particularly  at  13.6  kHz,  exclusion  of  signal  use  also  extends  several  thousand  kiionictcrs  ea:;'waid  and 
toward  the  equator.  These  eastward  limitations  arc  generally  due  to  Mode  3  (second  TM  mode;  see 
Chapter  5),  propagation;  not  Mode  2  (first  TE  mode;  sec  Chapter  5)  as  is  the  more  common  limitaiiuri. 
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Mocb  j  inlci'/'orcncc  can  also  arise  on  a  ioiijnal  that  is  riominally  undisturbed  after  the  near  field,  but 
then  becomes  disturbed  at  some  range.  An  example  of  this  i.*;  the  signal  from  North  Dakota  to  the  South 
Pacific,  Due  to  the  ligh  geomagnetic  latitude  of  ttic  station,  the  excitation  of  Mode  1  is  much  favorca 
over  Mode  2  and  clean  signals  piopagalc  over  the  North  Pacific,  However,  as  tlie  azimuth  becomes  more 
southwesterly  and  ranges  extend  beyond  Hawaii  over  the  geomagnetic  equator,  the  second  mode  can 
eventually  dunvinaie.  While  some  investigators  favor  explanations  incorporating  modal  conversion  at 
or  near  the  geomagnetic  equator,  this  is  not  necessary  kt  explain  the  observed  interference.  A  calcula¬ 
tion  using  path  averaging  (WKB)  techniques*  explains  the  ob.scivations  well  —  at  least  at  10.2  kHz. 
ilowever,  there  arc  sonte  instances  where  mode  conversion  unqucsUonably  occurs  —  particularly  dur¬ 
ing  transitions  on  the  higher-frequency  VLP  .signals. 

Modern  full-wave  propagation  theory  can  yield  predictions  in  excellent  agreement  with  ob¬ 
servation,  The  problem  is  that  the  model  paranictcrs.  particularly  electron  density  gradient  and  hcii.’ht, 
must  be  those  iliat  actually  prevailed  on  a  given  day  of  observation,  T  he  “usual"  parameters  are  likely  to 
produce  results  that  arc  .somewhat  “wroiig"  compared  with  any  specific  set  of  observations.  Calcula¬ 
tions  indicate  that  the  characteristic  signal  amplitude  minima  arc  more  severe  if  the  ionospheric  height  is 
chosen  higher.  However,  tlui  major  effect  of  varying  ionospheric  height  is  to  “stretch"  the  predicted 
pattern  horizontally,  Thus,  a  height  change  could  shift  the  cornpuicil  minima  from,  for  example,  mngos 
of  1 ,  2,  and  3  Mm  lo  1.1, 2.2,  and  3,3  Min,  rc.spccti vcly.  Gmerally,  calculations  with  relatively  minor 
changes  in  the  ionospheric  height  can  yield  good  agreement  with  observation,  Tlius,  (he  important  fea¬ 
ture  of  computed  signal  profiles  is  the  prediction  of  any  interference  indications  and  the  nominai  magni¬ 
tude,  The  precise  location  of  tlic  interference  region  is  rarely  ofconcern  since,  if  a  minimum  is  located  at 
one  point  today,  it  will  likely  be  somev/hcre  else,  tomorrow  as  the  iono.spheric  height  fluctuates.  How¬ 
ever,  it  will  exist  somewhere  in  the  area, 

6,3,5  Antipode 

The  first  of  two  coverage  limitations  aiising  from  the  spherical  nature  of  the  earth  is  tlic  existence 
of  an  antipodal  region  directly  opposite  each  transmitting  station  (cf.  Fig.  5.4-3),  The  signal  from  each 
.station  anives  at  its  respective  antipode  from  all  paths  and,  indeed,  a  build  up  of  field  strength  is 


*'Scc  Chapter  5  for  an  explanation  of  these  techniques. 
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experimentally  observed  in  this  region  as  shown  in  Fig.  6.3- 1  .*  The  phase  in  the  vicinity  of  the  antipode 
is,  however,  complicated.  In  the  same  way  that  the  near  field  region  around  a  station  itself  is  eliminated 
from  coverage,  an  antipodal  region  is  also  excluded.  The  coverage  guidance  given  in  Chapter  10  indi¬ 
cates  that  a  circular  region  within  1  to  2  Mm  of  the  antipode  is  excluded.  The  assessment  aid  PACE, 
noted  in  Chapter  1 1  and  described  more  fully  in  Appendix  C,  also  uses  an  exclusion  radius  in  this  range 
that  corresponds  roughly  to  the  exclusion  area  employed  for  the  near  field. 

6.3.6  Long  Path 

The  second  limitation  introduced  by  the  spherical  shape  of  the  earth  is  that  for  each  receiving  site 
and  each  short  arc  of  the  great-circle  path,  there  is  a  corresponding  signal  path  over  the  longer  arc.  This  is 
a  distinct  limitation  separate  from  the  antipode  in  that  the  self-interfering  signal  is  received  over  only  one 


Long-path  Distance  (megameters)  from  the  La  Reunion  Station 

Figure  6.3-1  Omega  La  Reunion  13.6  kHz  Signal  Amplitude  (108°,  152°  long  path 
radials)  on  a  Flight  From  La  Paz,  Mexico  to  San  Diego,  CA  via  the 
La  Reunion  Antipode  on  27  September  1979 

*These  data  were  measured  as  part  of  the  North  Pacific  Validation  Project.  A  flight  was 
conducted  from  La  Paz,  Mexico  (in  Baja,  California  Sur)  to  San  Diego,  CA,  via  the  La  Reunion 
antipode.  An  amplitude  buildup  when  flying  both  to  and  from  the  antipode  is  marked.  Detailed 
analy.sis  is  complicated  by  bearing  differences  (on  the  two  legs  of  the  flight)  and  the  fact  that 
antipodal  measurements  necessarily  include  propagation  over  transitional  paths. 
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path,  the  “long  path.’’  Owing  to  differences  in  attenuation  between  day  and  night  and  between  westbound 
and  eastbound  signals,  this  limitation  can  be  severe.  The  limitation  will  usually  occur  during  the  short- 
path  day  especially  on  west-bound  paths  near  the  equator.  At  times,  the  short-path  signal  from  Liberia 
can  be  dominated  by  a  long-path  signal  traveling  80  percent  of  the  earth’s  circumference  as  compared 
with  only  20  percent  for  the  short  path.  If  the  long-path  signal  dominates,  lines-of-position  (constant 
phase  contours)  behave  oppositely  from  the  sense  expected  from  vehicle  motion.  That  is,  when  moving 
away  from  the  transmitting  station,  one  is  moving  toward  the  source  of  the  dominant  signal. 

Long-path  limitations  are  the  most  important  restrictions  on  Omega  signal  usage  when  the  short- 
path  is  fully  in  day.  Signal  coverage  guidance  indicates  long-path  limitations  at  10.2  kHz  which  are  par¬ 
ticularly  severe  for  Liberia  (cf.  Chapter  10).* 

6.3.7  Modal  Interference  Signatures  and  Cycle  Jumps 

As  already  stated,  modal  interference  can  be  particularly  insidious  simply  because  there  is  no 
completely  reliable  and  predictable  signature.  There  are  locations  where  given  signals  may  have  cycle 
slips  or  jumps  but,  over  a  specific  few  days  of  observations,  nothing  unusual  may  occur.  A  marked  spa¬ 
tial  interference  pattern  (approximately  constant  in  time)  may  exist  but  an  aircraft  or  vessel  may  be  mov¬ 
ing  more  or  less  at  constant  distance  from  the  station  and  not  experience  anomalies.  It  is  also  possible  to 
be  navigating  in  a  region  where  Mode  2  is  completely  dominant.  In  Omega  coverage  nomenclature,  this 
is  also  referred  to  as  a  “Modal  Interference  Region”  although  there  is  no  longer  any  active  modal  com¬ 
petition.  The  “interference”  in  this  case  is  with  proper  navigation.  The  phase  velocity  is  not  that 
associated  with  Mode  1,  so  that  Propagation  Corrections  (PPCs)  ar  not  valid,  and  unpredictable  cycle 
slips  or  jumps  may  occur  at  sunrise  and  sunset  transitions. 

Certain  indications,  or  characteristics,  of  modal  interference  may  be  used  to  validate  coverage  in 
a  region.^  These  indications  may  also  prove  effective  within  a  given  receiver  to  protect  against  inade¬ 
quate  coverage  guidance  or  detect  anomalous  propagation  conditions. 

One  of  the  most  obvious  characteristics  of  modal  interference  is  a  variation  of  amplitude  with 
distance  along  a  station  radial.  Four  examples  have  been  previously  shown  (Figs.  6.2-2  to  6.2-5).  One 


*Reference  14,  a  detailed  study  of  signals  available  at  one  location,  shows,  on  single  displays  for 
each  station,  the  theoretical  long-  and  short-path  field  strengths  for  idealized  day  and  night 
conditions.  Perusal  of  this  reference  will  provide  insight  on  not  only  long-path  interference,  but 
iiiuual  iiileiicicUcc  in  gcneial  us  well  as  unlipudai  field  slieiiglli  buildup. 

§See  Chapter  9  for  a  description  of  the  ADI/PDADI  algorithms  that  are  used  to  detect  modal 
interference  (and  other  anomalies)  in  hourly  phase,  phase-difference,  and  SNR  data. 
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other  case  exists;  that  where  Mode  2  becomes  completely  dominant.  In  thi.s  case  there  would  be  no  sign 
of  modal  interference  after  Mode  2  becomes  dominant.  In  this  case,  phase  would  vary  regularly,  sug¬ 
gesting  that  a  navigator  in  the  region  at  the  particular  diurnal  period  could  not  detect  the  signal  limitation. 
However,  an  investigator  conducting  a  number  of  radial  flights  in  adjacent  regions  would  be  able  to  iden¬ 
tify  the  area  as  one  of  Mode  2  dominance  and  therefore  not  suitable  for  general  use  of  the  patticular  Ome¬ 
ga  signal.  This  is  done  by  starting  the  analysis  on  a  favorable  radial  from  the  station,  that  is,  one  where 
modal  interference  is  known  not  to  occur.  As  other  radials  are  then  examined  while  the  azimuth  from  the 
station  into  the  region  is  '^aried,  one  notices  first  an  increase  in  modal  interference  and  then  a  gradual 
decrease.  This  is  explained  a,s  moving  from  a  region  of  Mode  1  dominance,  through  active  competition, 
into  a  region  of  Mode  2  dominance.  This  approach  is  used  in  the  regional  validation  program  to  identify 
areas  of  modal  interference,  however,  it  requires  amplitude  measurements  over  a  number  of  radials.* 

Another  tool  for  evaluation  of  modal  interference  is  observation  of  diurnal  phase  variation.  If 
Mode  1  is  completely  dominant,  a  diurnal  phase  variation  will  be  very  regular,  as  shown  in  Figs.  6.2-6 
and  6.2-8.  If  not,  one  ntay  first  notice  some  irregularities  developing  in  the  transitions  and,  if  there  is  a 
change  in  dominance,  cycle  jumps  or  cycle  slips.  How  this  happens  may  be  explained  theoretically  un¬ 
der  idealized  circumstances.  Figure  6,3-2  shows  an  idealized  amplitude  and  phase  variation  over  a  long 
east-west  mid-latitude  path.  As  can  be  seen,  the  amplitude  ramps  upward  during  sunset  to  a  nighttime 
value  slightly  higher  than  the  daytime  value.  Phase  varies  regularly  over  a  complete  cycle  during  the 
transition.  The  phasor  display  in  the  center  panel  of  the  figure  reflects  this  behavior.  In  this  case,  a 
second  mode  might  be  said  to  vary  from  near  zero  amplitude  during  the  day  to  a  negligible  amplitude  at 
night.  The  phase  of  this  second  mode  would  typically  vary  over  about  two  cycles. 

Let  us  now  consider  the  phasor  sum  of  contributions  from  two  modes  where  they  compete.  Before 
summing  the  modes,  however,  we  must  specify  the  relative  phasing.  This  we  cannot  do  since  the  relative 
phasing  depends  on  minor  ionospheric  variations  along  path  which  change  from  day  to  day.  Hence,  we 
consider  three  possible  phase  relationships  leading  to  behavior  illustrated  in  Figs.  6.3-3  and  6.3-4. 

Figure  6,3-3  illustrates  the  circumstance  where  Mode  1  remains  dominant  for  three  different  val¬ 
ues  of  Mode  1  -  Mode  2  phase  difference  (day).  Noticeable  fine  structure  is  seen  on  the  transition  and  the 
final  night  phase  is  so.mewhat  peiturbed  by  the  interfering  mode.  However,  these  perturbations  can  usu¬ 
ally  be  accepted  operationally.  Figure  6.3-4  shows  the  situation  where  Mode  2  can  dominate  at  night. 
Depending  on  relative  pha.sing.  the  pha.sor  sum  may  be  such  that  the  locus  encircles  the  origin 


*Sometimes,  data  from  other  than  true  radials  can  also  be  used,  although,  this  is  be.st  done  with  caution 
and  only  with  supporting  full-wave  computations  to  multiple  points  along  the  path. 
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Figure  6.3-2  Sunset  Diurnal  Variation  —  Mode  1  Only 


anomalously,  corresponding  to  a  cycle  jump,  passes  directly  through  the  origin  coi  responding  to  pet  feet 
anti-phasing  of  the  component  modes,  or  encircles  the  origin  once,  as  is  usual.  Since  the  particular  be¬ 
havior  depends  on  the  relative  phasing  of  the  two  modes  and  the  relative  phase  value  is  essentially  a  ran¬ 
dom  q  iantity,  the  occurrence  of  cycle  jumps  is  random.  The  most  extensive  studies  of  cycle  slippage 
have  btCii  ct  nducted  by  Taguchi  using,  especially,  measurements  in  Kagoshima  (southern  Japan).  Mea¬ 
surements  of  Omega  Hawaii  at  Kagoshima  show  cycle  slips  and  jumps  during  transitions  much  as  would 
be  expected  for  a  dominant  Mode  2  at  night  but  dominant  Mode  1  during  the  day. 

Figure  6.3-5  (from  Ref.  15),  shows  the  occurrence  of  cycle  slips  and  jumps  on  the  10.2  kHz 
Omega  Australia  signal  at  Kagoshima.  Kagoshima  is  roughly  on  the  boundary  between  Mode  1/Modc  2 
dominance  at  night.  As  can  be  seen,  cycle  slips  and  jumps  occur  throughout  the  year  at  night  and  much  of 
the  time  during  transitions. 
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Figure  6.3-3  Sunset  Diurnal  Variation  —  Mode  I  Dominant  over  Mode  2 
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Dayli.Tie  pha.v.  diff-frence  hei^ern  Daytime  phaso  differtrnce  l■o^^^•cen  Dayiiino  phase  difference  between 

Modes  i  and  2:  2  radians  Modes  1  and  2: 2..5  radians  Modes  1  and  2:  3  radians 

Figure  6.3-4  Sunset  Diurnal  Variation  —  Change  of  Mode  Dominance  from  Mode  1  to  Mode  2 
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The  existence  of  simultaneous  transmissions  at  several  frequencies  is  of  great  value  in  clclccting 
ingdal  inlcifcrcncc,  both  for  analysis  and  receiver  signal  processing.  The  added  redundancy  alone 
would  make  these  transmissions  valuable  for  anomaly  detection,  However,  the  gain  forrietccting  modal 


various 


frequencies  [cf,  Section  6.5].  Modal  interference  results  from  certain  resonance  conditions  in  the  carth- 
iono.sphcrc  waveguide  (see  Chapter  5g  Thus,  a  given  null  at  one  frequency  generally  docs  not  occur  at 
the  location  or  time  of  the  same  null  at  a  different  frequency.  It  might  happen  that,  say,  the  fifth  null  at  one 
frequency  is  coincident  with  the  fourth  of  amMlicr.  liul  there  arc  still  three  more  frequencies  from  each 
siaiion,  The  jirob.ibility  that  the  same  character  of  inicrfciencc  occurs  on  all  frequencies  from  a  station  :it 
the  same  liiiie  inid  place  is  vatiishingly  smtill. 


We  may  apply  the  multi-frequency  poK  cduic  lulhcdcicctii.Miof  mod.il  inlet  fcrcncc  from  dim  mil 
vaii.'tion,  Detectioii  is  more  dilliciilt  based  on  d;ita  ;ii  a  singl-  frequency  alone  :is  siiclt  hehtivior  (sec 
I'ig.  (j.7-7)  can  tq'pcai  similai  to  pos.sible  coiiibimitiims  of  effects  of  other  factors  ™  especially  if  the 
diiima)  viitiaiioii  of  a  phase  dilTcivncc  from  inopagation  over  two  paths  is  being  studied,  Howes  er.  the 
j’hysic's  ul  dill!  n a!  incgtilatiiies  as  showti  in  big,  6,3-3  .sugge: that  these  will  not  occur  at  tlie  ,‘.;i!iic  lime 
on  dill''ienl  licciiiciicies,  Diagiio.sis  is  enhanced  by  knowing  that  deviations  between  li'eqiiencies  are 
likely  due  to  III* 'dal  iiilcilcieMcc  while  dcviaiimis  due  luutlicf  causes  lend  to  allcci  all  Ircquciieies  siim  • 
hilly.  .Section  (i,(i  expands  on  (licsc  obsei  valiol)•^  and  includes  saiiij'lc  data. 


Mii-ii  iii'idciii  icccivcis  iiiioip'iialc  suphi  .licalcd  piopiicUuy  solus. iic  lo  delect  .signal  anoin.i 
lies.  Some  ol  itie.se  iiieiliods,  \s|in  li  ate  1  .iscJ  on  system  opei.iiion  and  physics,  include: 

1  I'liase  late  — ■  ll  a  Mgn.il  cxlnbiis  it  pliasc  i,iic  ol  tli.iiige  lit  t  is  iiii  caisisicnl  ssnli 
iiK.veiiK'm  Ol  aiaicip.iu'd  d  ainai  cii.inge,  p.mii  aialiy  ih,  i‘-  cijai.giii)'  ii'Cun  na.cii! 
ly  \s  nil  sjgn.ils  iinm  ila'  sai  'c  st.ilion  at  ii.hei  licqiieni  ics,  iheii  imid,|i  inici  Icieiu  's 
liLcly, 

2,  AlnpliUide  llilh.ihincc'  -Uliiei  i  sl.ilmir.  gein'iall)  i.idi.ilc  alioiil  the  same  poscei  ,il 
all  licijiiL’iic  li  s  II  llii  ic  u  .!  Iiilklic.  p'USc  I  ill  1 1'.*  and  I  hti  kl  1/  c  spec  mils  ss  ill  pi  oh 
ah|y  he  iiiaiii'.iiiiLil,  il  p>i-,sihlc'.  kicc'iscd  signal  lm'l•>lala  c's  m.i)  iiidn  ale  mndid 
lii'ei.U'iciu.e  ■  'ilihoiigli  mc>  coald  also  imlii  .iic  lucally  gi  imalcil  i  lecin  iiiiagnelu 
Intel Iciciii  e  ill  one  liequciH  j  li.n  ii"l  In  olliei  i, 
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empirically  developed  icchniqucs  aie  now  being  reinvented  in  conjunction  with  the  development  of  the 
Global  Positioning  System,  GPS,  under  the  general  heading  of  Receiver  Autonomous  Integrity  Moni¬ 
toring  (RAIM). 


6.3.8  Validation  Program 

An  experimental  program  v/as  conducted  principally  in  the  1980s  to  "validate"  Omega  cover¬ 
age,  i,e.,  to  confirm  or  niodify  then-existing  coverage  predictions  (Ref.  16).  'Mie  effort  targeted  seven 
.specific  oceanic  areas  in  scquentitil  efforts  conducted  one  to  two  years  apart,  each  incorporating  dedi¬ 
cated  flights  and  aircrafl  tneasiiremenls.  1‘ixed-sitc  hint' -based  tneasuremenis  wcrceoordii  ited  with  the 
flight  program,  Maritime  data  were  olten  used.  I  he  piogram  is  discussed  fuither  in  ChajMei  8, 

Validation  analysis  attempted  to  determine  .spatial  boundaries  lor  modal  itilerfercnce  and  oilier 
IhiUndaries  between  useful  signals  and  self-interfering  signals,  such  as  lung-path,  1‘ield  strength  was  also 
measured  to  determine  coverage  limitations  due  to  signal-to-noise  ratio.  A  major  guide  to  jdaniiing  the 
validations  and  analysis  was  signal  prediction  using  full-wave  models.  While  measurement  occasionally 
iiidiuiUe'd  slight  vui iiiiiuiis  in i.iAcuigc  lioiii  those’  {vicdictcd,  the’  theoretical  inctliods  >vcic  iiiO.sily  ve’i’ilieJ, 
'Hie  '.i'.iious  validations  arc  exicnsivcly  doeiimcnicd  and  form  an  invaluable  dalaltase  (Kefs,  17,  1 H,  19, 
20,  ?.  1.2:,  and  23) 

6,4  ANO.MAl.Ol  S  .SU;NAL  IHIIIAMOK 

In  addiii'Ui  to  mil  nil  i  aiuluni  s  ai  lalioiis  <ind  ni.ijoi  juci  ielaldi'  dnii  iial  e  haiigcs,  the  ionosplie'ic 
in.i)'  u  spi  iiid  (■)  nil  1 1 i. lies.  So'.ii  ti.nes  ate  (iccaMoii.ii  massive  eiui'nioiis  on  tiie  Mjri;!''coi  the  sun  'i  hey 
aie  ii  isueiiiied  wiih  su  ripuis  Inn  ai  nut  inedicliible  with  aii)  degiee  ul  eellaiiity  (.hdiiiai  ily,  solai  H.m  s 
iiiiii  X  lays  iliai  iiiipiiig.e  on  the  sunlit  puiiion  of  the  ionospheie  and  may  eau',e  a  Suthlcn  /omo/»//i7(( 
I I'li'ii  i  l.sll  h  .Suiii'  llaie.s  111,1)  eiiii.  (iio/ons  tli.it  aie  also  in  ;idei!t  on  the  eailli  liut,  heiMj:  eliaiged 
p.iiiii,  |l  'i,  tl'i  ea  '%  iii,i|,i.,  lie  livid  ca'J  ivs  them  to  eiitv,i  llie  ioiiiis|iheie  lira!  the  poles  uii  liulli  the  .suiilit 
ainl  ilaik  sitlcs.  'I  he  elleel  on  ilie  1oihi:.|i1ii  m:  fi  h”  'uiically  lalled  a  I'l'liti  Cal'  Alnuij'iii'n  (,|'(  A)  event 
i.llli'iugh  iio  .iil'.lainiiil  ,il,  i)i|  iioii  oeeiii’.  at  Giiieg  ■  l.eij'ieiii  les,*  t'oll,ilcially,  the  tfnitli's  liiagiie.ie 
I11.I1I  iii.i)  lu  (1  si.'i'i.a, 

*  i  lit  ili-.tiiii  Hull  I".  |i  litiUii  i|i  tin,  tise  ul  ttim  /'nhii  (nji  !  UsUulhim  <-  tl'  i'>  •')  loici  .n.iei lli 
Wi  lai'ig  hio,t,|;  I  a  ‘•is'.'ei  srnji  a.  V.  NS'N'  to  lll•alllgnl',h  iln  VI  I  pl.eiioiin.'lia,  llie  hiM'-in  al  lviiti 
ioiiie*i  li"ii!  ii"  ,1  I' I  hi  a.ait  ii  'ill*  at  higliei  liiqunin. u  s  lu  di  li  el  shoil  VaSi  l.idi’.  Ill  llie  Al'.li'. 


(.  2  / 


These  events  Mrcconinion,  especially  ncarltie  tnaxiniuniol  the  fiunspdicyclc,  ll"vscvci.  siiiiisti- 
cally,  they  cause  hillc  degradatioii  in  the  inheient  Oincpa  signal  icpeatahiliiy  up  tii  the  vyiih  peiteiililc, 
Above  that  level,  deviations  associated  with  flaics  are  dominant  (tf,  Sctlion  6,4,4;,  'nius  they  are 
iirijHjrianl  fui  analysis  of  navigational  safety  if  not  typical  itavipalioiial  accuracy. 


6.4.1  Sudden  IMiiise  Anonuiliek  (.SPAx) 

Siiddcn  I’liiiM'  AiiiiukiUcs,  Sl’As,  arc  the  obscived  tcsiill  on  an  rbnepa  phase  inciisiiii  tiieni  ol  aii 
.SID  that  ucciiis uii  at  least  a  poition •>!  the  ailected piop.igatiuji  p.u.li,  'In  .sume  extent,  the  tei up.  aie  used 
jnteiclianpeabl)',  I  he  excessive  X-iadiation  eauses  iidtjiiional  loiiosphciie  io!)i/ai!()ii,  thus  liissciing  the 
cllecii'.  ■  lieip.ht  and  lesultinp  in  a  phase  advatice.  .Since  the  xi.iys  at  live  .siiildeiily,  the  onset  is  abiu|'i. 
We  have  alicady  seen  [.Seclion  (i,2.4 )  th.il  the  i(ino.*.php!e  has  an  ellecli  ve  tinie  consiani.  thus  sve  expi'ci 
the  ob.sei  veu  Sl'A  to  rellcct  the  iuiiospheiic  icxponse  to  the  xudtlcii  stimulus,  Jlosvevci,  svithout  using 
jr  niy  data  measured  above  the  ionosphere,  one  camiot  tell  to  what  extent  an  SPA  lellecis  llie  l,ist  Iniild 

iip  aiul  decay  nl  X-i.iyv  buiii  the  sUii  ir<  iijijii..’*ed  (n  .im  iiiiiosj'hel k  rv^jaaisc  |\/  a  sUddCn  lilijaiiSC, 

Uj'etalioiially,  SPAs  are  impoitant  bcyon-l  tli.. it  siatisiiLul  cllecb  due  to  llieii  uni'iedictability 
and  fasi  unset,  'I  he  possibility  oj  an  SPA  intioduccs  a  limit  on  p-.cudo  dilfeieiilial  Icchiiiqiies  svheieiii 
the  tioiiiiidly  long  auiocui  niat  ion  time  ol  jdiase  lluciuaii"ip.  is  exploited  t'y  using  pi  esent  measuiemenls 
to  picdic'l  the  imiiicdiiiic  Iiiiuic,  1  ui  example,  Dmcg.i  uiii  be  ibcd  in  loignmiiuii  with  (_iPS  to  detect 
fcudden  satellite  anomalies  -■-*  but  mu  to  bellei  accuiacy  than  could  be  caused  by  tlie  phiisc  cxcuisioli 
lioiii  a  Sudden  Phase  Anonialy  t'l  his  would  be  u  KAl.M  i  -sue  loj  a  combined  (iPS/Umega  leceivcr  (see 
Cliapiei  12J  )  'll!'.'  cllcci  on  uidiii.uy  lix  laccuiiicy  is  best  an.ily/id  ipn  .i  case  liy  case  I'lisp.  a-,  ib'. 
ol'sei  ved  el  led  depends  on  h 'Call' Mi  and  llluiiiiiiation,  )|  nil  p, ill  is  nie  d,iil,,  theie  ss  ill  be  ii'i  el  led,  l!  all 
p.illis  aie  ol  ei|ii.i|  leiiglh,  symni':li  ieally  distiilnitcd,  nnd  illimiinal'  d,  llieic  will  nl o  be  little  oi  miclject, 
Also,  the  pioliabilily  ol  Sl'A  otcilnenee  s  aiics  gieally  lliiough'Hil  the  sunspi'l  ',)ele, 

All  cMensjve  sjiiopii-:  study  ol  SPAs  was  published  in  P>7.i  b.ised  mi  oh.seisati'Mis  osei  N'jitli 
A  me  I  iud  1 1 II 1 1  1  'n.il  to  )',//(HHel ,  24 ;  'I  be  iii'easuieiiieiils  weie  geogi.ij'liKally  lesliidcd  iind  vseic  also 
p. nil, ill)  III, id',  diiiing  seiy  eai!)  sysii m  ii|u'i.iiiiiii  in  a  iii.i'i'ei  hecmid,!i)  iii  id''  V.  bilelli'  ,’niiil,imi'ni,i| 
I  li)  sk  s  and  sign.il  lesj'nnse  pn  4  lies  Imve  pii  siiiiialily  in  it  chaiiged,  sniij';  all' as  aiiLCs  s|i"uld  lie  iiiadL  to 
piiij<’il  ihe  lesiill .  |o  iiiudein  iiprialinu  ,ind  lii  iii'i'c  a'  eiagc  suiispnl  eoiiditi'nis.  A  neccssiii ^  Ic.iIuil-  nl 
tin  I  ddi  I  (.liil.i  i‘i  n  ■,  I  line  I  esi  ilnl  n  'll  1  il  iilunii  nue  nilinile  diiil  i  s  in,''  essai )  ! '  n  tin'  ‘iiid)  id  S  |'/\  *.  Nf  nki  n 
pi.n  in  e  Is  to  leemd  li'iuil)  oi,  soniiliiii'es,  es  eiy  six  nniiuies 
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ViClIi'^  liitixiliiuiii  t'liui.  I  i^iiic  0,'1  I  »liuw»ii  tyi'i(.al  SI'A  iii  the  j'lc^ciiec  ul  tiiiivc  while  the  iipi’iiiXliiiiil 
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gieiilcf  Ih.in  ^  tcck  wcie  ntudli'd  UMilg  ob.%.  vuliuiis  ul  10,2  kil/. 


(i,4*l  'lyphal  VLI  I'li.ise  Di-.iuihtiiiee  C'miHCil  hy  Suhii  X  lay  1  hue 


il  f  fi 


I 

I  l|;iiii  6.4  2  hh,  fili/'.d  SI'A  Sli.ipi' 


(I  2‘J 


Kc.sulls  of  this  Miidy  indicalc  llml  a  raJlicr  abrupt  phase  variation  occurs  reaching  a  maximum 
cllcct  in  about  six  tiiimitcs  witt|  a  total  diiration  being  about  45  minutes.  Typical  off.sct.s  are  about  15  ccc 
on  paths  of  a  vei  age  length,  1  ypical  phase  rales  of  change  during  on.sci  arc  3,5  ccc/minulc  with  maximum 
obsci  ved  rates  of  h  cee/niinuic.  Maximum  phase  deviations  of  about  one  cycle  arc  apparently  quite  rare. 
'I  he  typical  rale  of  occurrence  of  SPAs  varied  witli  sunspot  number,  from  a  neat  ly  vanishing  probability 
nt  low  sohir  artiviiy  to  an  occurrence  probability  of  about  once  per  day  (somewhere  on  earth)  when  the 
sunsjioi  luinibci  is  abuiii  Ii5. 

6,4.7  rolar  C'ltj)  Djsliirbtmces  (PC'D.s) 

A  I'tiUit  Clip  nistinbunijc  is  the  result  uii  Omega  prujuigation  of  a  PCA  event,  As  noted,  this 
disluibatii'e  is  due  to  protoi!*,  emitted  by  some  solar  flares  tliat  are  directed  by  tlic  e;irih’s  magnetic  field 
jilt"  ilif  Aictic  an<l  Antaictic  legions.  The  effect  is  ivstricled  to  signals  propagating  undei  the  ionosphere 
within  these  legions,  luihke  x-iuys,  whicli  travel  fioin  sun  to  earth  almost  insiaiUaneously,  protons  take 
lioma  lew  liuuis  to  a  day  to  reach  (he  vicinity  of  the  earth,  Compared  with  an  .SPA,  the  PCI)  is  gradual 
V  itli  the  I'luise  s  aiiailon  cut  responding  to  the  differential  piolon  flux  near  6  MeV  (Kef,  25),  After  the 
aiiisal  III  the  (list  pi  ((tons,  the  maximum  phase  deviation  o-ecuis  within  a  lew  hour'.  svliiU*  recovery  may 
lake  one  to  /ive  da)s  oi  loiigei. 

Piiinaiy  studies  of  I’CI)  el(ecl,s  date  fidiii  1972  and  1975  iKefs.  20»iml  27,),  Of  these,  the  1972 
study  is  the  niuie  synoptic  with  the  1975  wu'k  addtessing  |>iiinarily  modeling  of  the  ovcnis,  A  problem 
Is  iluit  P(  I  >s  aic  lehitivcly  laie,  'I  he  1972  work  was  based  on  only  15  events  ob.sci  ved  fioni  June  1969 
tliluiigh  July  19^6,  l.xistiiig  ilat.i  at  a  une  lioui  sainpliiig  rate  should  be  moie  than  adequate  to  gieatly 
expaiid  the  compiled  i.latisiiet,,  liowcvci,  the  general  nature  nl  the  i’t.'I)  e.fh.'Ct  on  Omega  signals  is  now 
unde  I  ‘.food, 

The  l>|sisal  Onieg.!  phase  deviatioii  due  to  a  PCD  looks  very  niuch  like  iluit  of  an  .SI ’A  but  wiili 
tiiii'’  scale  in  days  instead  of  tens  t/l  miiaitcs,  i,c,,  the  time  .scale  of  evolution  is  abuiii  iwo  orders  ol  inngtii  • 
lui|a  si'j'.vei  tliaii  )oi  Si'As,  'fypieal  dui  itimi  i  tv  o  to  Ihicc  days,  TypiLal  Diaxiiuuii)  plt.e.e  deviation  i- 
abi.u'  dOeec  although  the  hugest  ubsei  veU  ii.ive  been  nearly  one  eye  le  on  iieai  ly  trails -polai  |uiths,  I ‘base 
s.ti  uUiou  ovii  the  du!  alion  o|  a !'(.'! )  is  shown  in  j  i/;.  (i  -1  A  S.ey  le;i(uie  is  ilia)  the  evoh.l'un  of ;.  I’Cf)  is 
hii|li>  u.iiily  slow  ihai  vv,niimg  iioiiLes  aie  issued  (Ito-ugh  s|)ti  iat  aleit  channels. 

SI.  1. 1 .1. I  .1 1 . i  I  I  >  i  1 1  I  I  .1  .  i  1 1 1 .1  < .1 11 1 1  1 1  .1  .  .1  t  '  I  V.  i  •  1 1 .  ,1  . If  f.ii.  I  ts i III  |1  I ./II  I  I  1 1  I  I  1 1  1 1 ti  IL  ‘ .  I  SI  •/ 1 -k I  • I  t  I  If*  1 1/*  ii  1 1/ 
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eijii.il  I  he  dejio  .I'Kui  ol  jautoii  eue'gy  ii,  ihe  poku  imiusph.'it,  yu'hls  oiugldy  uuilonu  iom/  ilion  le\el . 
Ilidj|  i'lideli'  'll  Im  ill  dluiliiii.i'luli 
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Figure  6,4-3  Effect  of  a  PCD  on  the  Norway  Station  Signal  Phase  as  Received  in  Hawaii 


As  with  SPAs,  the  effects  of  PCDs  on  practical  navigation  arc  best  assessed  on  a  casc-by-case 
basis.  For  example,  the  approximate  symmetry  in  signal  arrival  azimuths  in  the  polar  regions  suggests 
that  navigation  at  the  magnetic  poles  will  be  nearly  unperturbed  by  a  PCD.  The  problem  will  be  most 
severe  where  use  may  be  made  of  a  trans-polar  signal.  This  circumstance  is  especially  likely  in  the  North 
Atlantic  or  North  Pacific,  In  these  locations  the  usual  solution  is  to  heed  notices  and  deselect  the  trans¬ 
polar  signal.  While  the  resulting  geometry  is  less  favorable,  there  is  reasonable  assurance  that  the  signals 
used  will  not  be  significantly  perturbed.  An  alternative  is  use  of  the  Composite  Technique  as  described 
in  .Section  0.5, 

6.4,3  Other  Anomalous  Disturhunees 

SPAs  and  I’CDs  are  by  far  the  most  characteristic  and  important  disturbances  encountered  in 
Omega  use,  Other  anomalous  effects  may  also  occur  —  soiric  recognized  and  others  not.  Anything  that 
allccls  the  radiatiuii  incident  on  the  ioiiosplieic  or  the  geomagnetic  field  can  cause  a  pervasive  effect  on 
Omcg.i  signals, 

(jpciatioiially  miiiur  but  measuiatile  phase  deviations  are  associated  with  im'/cor  .v/ioir'-rv 
(kef,  2y>).  I'.llci'lsh.ive  been  iioiiced  only  during  m.ijor  showers  and  only  wlicti  apatb  was  on  tlu;  leading 
hide  of  iiie  eailb  in  its  levuluiioM  around  the  sun  (OOOO  local  limi;), 

/  ( b.ive  piedietablc  clfcets,  wliicb  arc  ignored  in  phase  picdiciions,  tlius  lequiiiiig  tlie  issu¬ 
ing  ol  alci  Is.  la  ''pses  .also  alloid  unique  oiipoituiiities  to  study  luMo.spbeiie  response  to  iclai.i  rely  slow 
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variations  in  illumination  (Ref.  29).  Geomagnetic  stonns  are  generally  pervasive  events  that  can  affect 
Omega  signals.  These  are  caused  by  disturbarices  to  the  interplanetary  magnetic  field,  resulting  in  a  gen¬ 
eral  disruption  of  the  earth’s  magnetic  field.  7’hey  may  be  accompanied  by  the  precipitation  of  relativis¬ 
tic  electrons  in  the  auroral  zones,  thus  lowering  the  ionospheres  in  these  zones.  As  these  events  lack  a 
characteristic  signature  and  the  magnitude  is  typically  less  than  about  two  standard  deviations  of  the 
nominal  scatter,  they  ai'e  not  typically  recognized  and  do  not  particularly  degrade  nominal  navigation.  The 
effect  is  mainly  a  lowering  of  the  received  signal  phase  which  may  be  accompanied  by  some  instability. 

One  notable  aspect  of  some  geomagnetic  storms  accompanying  PCDs  is  that  >he  effective  polar 
regions  may  be  enlarged  with  the  auroral  zones  moving  toward  the  equator.  In  .severe  events,  related 
effects  (such  as  aurora)  have  been  observed  as  far  from  the  poles  as  New  Mexico. 

6.4.4  Error  Comparison 

The  relative  importance  of  navigation  as  it  relates  to  safety  and  efficient  routing  cannot  be  prop¬ 
erly  assessed  as  it  depends  on  specific  details  of  a  given  circumstance:  traffic,  route  structure,  and,  c.spc- 
cially,  the  use  of  the  information  at  hand.  Operational  re.sults  depend  on  what  is  done  with  information, 
not  the  inherent  quality  of  the  information  it.self.  For  example,  NOTAMs  can  influence  action  as  well  as 
sell-consistency  checks  wit  hin  receivers  (RAIM).  While  acknowledging  that  any  error  comparison  will 
necessarily  be  too  general  to  be  of  any  specific  use.  Fig.  6.4-4,  from  Ref.  31,  shows  the  expected  fix 
errors  due  to  various  causes  including  typical  day-to-day  scatter,  SPAs,  and  PCDs,  but  not  predictive 
errors.  Predictive  errors  are  large  enough  to  obscure  most  of  the  SPA,  PCD,  and  nominal  errors,  One 
airline  flew  for  tens  of  thousands  of  hours  before  ever  noticing  a  deviation  that  could  be  associated  with 
an  ionospheric  di.sturbancc, 

6.5  COMPOSITE  TECHNIQUES 

As  long  as  Mode  1  is  doininuni,  phase  changes  tend  to  occur  equally  on  all  frequencies.  The 
phase  changes  may  be  cither  due  to  anomalous  cvent.s  or  nominal  day-to-day  diurnal  clianges.  .Since 
SPAs  occur  when  the  jralh  is  mostly  in  day,  Mode  1  is  generally  dominant,  Also,  signals  tliat  could  he 
aifectcd  by  PCDs  arc  iisiially  Mode  1-iiominaled  .since  modal  iiUcrlcrcncc  rarely  occurs  in  the  polar 
regions  wlicrc  PCDs  oiiginate.  'I'lius  the  tendency  for  similar  phase  clianges  on  Omega  frequency  sig¬ 
nals  is  laulicularly  iiutablc  during  SPAs  and  PCDs.  Even  spatial  varialiuns  with  gmimd  conductivity 
tend  to  be  highly  correlated  between  frequeneie.s. 

( 'onvciiientl)',  vaii;ilions  aie  not  only  highly  corrclaled,  hut  are  netirl)'  llic  ...uiie,  ceuticycle  loi 
ccnliLyde,  Tin  '  means  dial  llie  dillcieiice  fieqiieneies  (c.g..  ]  },(>  -  1 0,2  --  3,4  PI  l/J  are  liulc  itHeclcd  by 
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Figure  6.4-4  Percentage  Probability  that  Position  Displacement 
Exceeds  Value  on  Ordinate 

anomalous  perturbations,  day /night  variation,  or  even  poor  modeling  of  ground  conductivity.  Unfortu¬ 
nately,  a  phase  error  of,  say,  1  ccc  at  3.4  kHz  is  spatially  equivalent  to  a  pha.se  error  of  4  ccc  at  13.6  kHz. 
Further,  the  equivalence  is  not  quite  exact  nor  is  it  constant  in  space.  Nevertheless,  at  certain  times  and 
under  certain  conditions,  it  is  better  to  use  the  3.4  kHz  difference  frequency  directly  rather  than  navigate 
on  the  individual  carrier  frequencies, 

A  technique  to  exploit  the  dispersive  correlation  between  different  frequencies  was  developed  by 
J.A,  Pierce  tind  called  Composite  Omega  (Kef.  32).  It  is  equivalent  to  an  optimum  linear  combination  of 
phases  at  two  or  more  frequencies  but  was  developed  from  the  fact  that,  for  waveguides  containing  mostly 
neutral  panicles,  the  product  of  »he  signal  pliasc  velocity  and  group  velocity  is  constant.  Empirically,  two 
opiimizations  tire  possible:  minimum  scrisiiiviiy  to  diurnal  chang  and  minimum  sensitivity  to  anontalous 
variations  in  ground  conductivity.  Flic  former  opiimi/alion  gives  the  possibility  ol  buikling  a  receiver 
without  elabuiale  jnopagation  piedictioi'is;  the  iailer  option  offcr.i  llie  pio>,  e-'t  of  better  aeeunicy. 
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One  study  indicated  that  the  composite  phase  was  more  accurate  than  the  phase  of  the  best  carrier 
signal  only  in  the  Arctic  regions  under  disturbed  conditions  (Ref.  33).  However,  Pierce  made  extensive 
measurements  in  Cambridge,  Massachusetts,  indicating  the  composite  phase  is  more  stable.  Undoubt¬ 
edly  composite  techniques  offer  advantages  under  some  conditions. 

Closely  related  to  composite  is  use  of  multiple  frequencies  for  analysis.  This  method  of  analysis 
is  addressed  in  the  following  section. 

6.6  MULTI-FREQUENCY  MULTI-SITE  OBSERVATIONS 

Except  for  modal  effects,  one  expects  signal  variations  at  Omega  frequencies  to  follow  each 
other.  Use  of  decorrelation  has  already  been  mentioned  in  Section  6.3.8  as  a  means  of  detecting  modal 
interference.  This  section  provides  some  observations  showing  normal  behavior  and  those  resulting 
from  modal  interference.  Comparisons  are  made  both  between  different  frequencies  over  the  same  path 
and  also  between  observations  of  signals  at  the  same  frequency  over  reciprocal  paths,  Reciprocal  paths 
are  those  over  which  one  transmitted  signal  can  be  observed  near  a  second  station  while,  also,  the  signal 
of  the  second  station  can  be  observed  near  the  first. 

Three  pairs  of  observed  monthly  data  sets  are  to  be  presented  —  six  data  sets  in  all.  Each  set 
(figure)  contains  the  same  type  of  information.  At  the  top  of  each  figure  is  a  graph  showing  diurnal  phase 
variation  of  10.2,  ll'/3,  and  13.6  kH,?..  Curves  are  shown  both  for  the  predicted  and  for  the  observed 
monthly  average.  Ideally,  the  difference  between  the  observed  and  predicted  phase  should  be  zero.  Any 
nonzero  amount  indicates  there  would  be  a.ssociatcd  navigational  error.  Most  likely  thc.se  differences 
would  be  due  to  prediction  bias  but,  on  a  more  limited  set  of  observations,  could  be  due  to  abnormal 
propagation  conditions.  Also  of  special  interest  arc  the  differences  between  observations  at  tire  same 
time  but  at  different  frequencies.  Under  normal  conditions,  one  expects  these  differences  to  be  nearly 
constant  with,  perhaps,  some  slow  diurnal  variation.  Any  fast  hour-to-hour  change  suggests  possible 
interference.  This  is  also  tme  if  the  observed  hour-to-hour  behavior  is  particularly  erratic;  however  the 
diagnosis  tends  to  be  confirmed  if  the  various  frequencies  do  not  tliictuatc  togcllicr.  One  final  feature  of 
the  plots  is  that  when  dali  arc  shown  over  two  ends  of  a  reciprocal  path,  they  arc  displayed  in  the  same 
.sense,  namely  with  phase  delay  positive.  Conventionally,  phase  diffeiences  arc  shown  in  “alpiiabctical 
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The  first  p.air  considcivd  is  Norway  and  Hawaii.  The  plot  fruin  Norway  shows  variatiui'i  of  the 
Hawaii  signal  N  while  that  from  Hawaii  shows  variations  of  the  Norwegian  signals  (I'igurcs  6,6-1  and 
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■  10.2(0)  +  10.2  (P)  ♦  1l'/3(0)  A  n'/3(P)  X  13.6(0)  •  13.6  (P) 


Figure  6.6-1  Phase  of  10.2,  llVj,  and  13.6  kHz  Hawaii  Station  Signals 
Received  at  the  Norway  Station  Monitor  -  July  1989 


6.6-2).  The  several  frequencies  received  at  one  site  can  be  compared  or,  alternatively,  those  at  the  .same 
frequency  can  be  compared  at  opposite  ends  of  the  path.  In  either  case,  variations  of  the  several  frequen¬ 
cies  are  similar.  There  aie  no  abrupt  shifts  from  hour  to  hour  beyond  a  maximum  variation  of  a  few  centi- 
cycles.  This  is  as  would  be  expected  from  a  path  which  is  Mode  1  dominant  at  all  frequencies  and  in  both 
directions.  Predictions  on  this  high  latitude  trans-arctic  path  in  local  summer  arc  generally  good  but  with 
some  bias  near  1600  UT  wlien  the  sun  rises  on  the  north-south  portion  of  the  path  near  Hawaii. 


Figure  6  6-3  shows  North  Dakota  signals  received  in  Liberia.  Variation  is  generally  smooth  with 
rallier  high  prediction  biases  at  night.  This  is  a  typical  example  of  a  plot  in  which  all  signals  can  be  used 
for  navigation.  Figure  6.6-4,  which  presents  the  reciprocal  conditions  of  the  Liberian  signal  received  in 
North  Dakota  is  quite  different.  Noon  at  rnid-palh  is  around  1500  UT  so  that  signal  variation  during  the 
day  is  again  smooth.  However,  the  situation  deteriorates  as  the  Liberian  end  of  the  path  becomes  dark. 
The  Liberian  signals  arc  unusable  throughout  most  of  North  America  at  night  due  to  modal  interference. 
This  phenomenon  is  suggested  by  the  data  in  that  many  difference  frequency  averages  were  not  com- 
puled  durinp  I.*  uu liuiis  tiue  tu  i neou.sisicncy.  Hurll'eriiioi'C,  the  cont touted  di  1  Tcrciicc  f rccjU'^iv' torpor* 
for  10,2-1  ."t.b  kl  1/  abruptly  >hilts  between  0600  and  0700  UT.  Taken  together,  this  pair  of  figures  illus¬ 
trates  the  non-reciprocity  of  nroclal  interference. 
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Figure  6.6-4  Phase  of  10.2,  1 1 and  13.6  kHz  Liberia  Station  Signals 

Received  at  the  North  Dakota  Station  Monitor  -  January  1989 

The  third  data  pair  is  Japan  and  Liberia  (Figures  6.6-5  and  6.6-6).  When  observed  in  Japan,  the 
Liberian  signals  all  vary  smoothly  and  similarly  throughout  the  24-hour  day  with  the  exception  of  a  few 
missing  data  points.  The  predictions  biases  are  again  quite  large  except  at  10.2  kHz.  These  are  the 
characteristics  of  Mode  1 -dominant  signals  albeit  signals  rather  poorly  predicted.  The  behavior  of  Japan 
signals  received  in  Liberia  (Fig.  6,6-6)  is  quite  different.  Something  is  clearly  anomalous — but  what? 
Superficially,  many  of  the  jagged  variations  look  similar  on  the  various  frequencies,  However,  close  scn.i- 
tiny  indicates  this  is  not  always  so.  For  example,  the  downward  shift  at  0300  UT  occurs  at  the  higher  fre¬ 
quencies  but  not  at  10,2  kHz,  More  clearly,  correlation  breaks  down  from  1 700  UT  on.  The  frequencies  do 
not  vary  together  nor  are  they  smooth.  We  suspect  interference — but  what  kind?  Depending  on  time  of  day, 
wc  expect  either  modal  interference  or  long-path  interference  on  this  path.  Noon  at  mid-path  is  between 
08(X,'  and  0900  UT,  The  data  at  this  time  exhibit  comparative  stability  but  the  diurnal  behavior  indicates  a 
curvature  in  the  wrong  sense.  In  all  likelihood,  the  long-path  signals  completely  dominate  those  over  the 
short  path  at  this  time  and  ai'e  icasonably  stable.  At  other  limes.  Mode  2  or  long-path  may  be  either  actively 
competing  with  the  short-path  Mode  1  signal  or  may  be  dominant  but  differ  from  the  Mode  1  prediction  by 

1.,  a,:,.  .1 - - - i — i..  ...  : _ j  
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■^Tlie  piocessiitg  algorithm  hiiic>  the  data  by  choosing  the  appropriate  w  hole  cycle  value  which,  together 
with  the  ob.sci  ved  iractional  part,  must  be  within  50  ccc  of  the  predicted  value. 


Time  (UT  Hour) 

■  10.2(0)  +10,2(P)  ♦ll'/3(0)  Aii1/3(P)  X  13.6(0)  •!3.6(P) 

Figure  6.6-5  Phase  of  10.2,  1 1  '/j,  and  13.6  kHz  Liberia  Station  Signals 
Received  at  the  Japan  Station  Monitor  -  March  1989 


The  several  figures  in  this  section  are  illustrative  of  data  from  modern  monitor  operation.  While 
the  hour  sampling  may  seem  relatively  coarse  and  indeed  does  tend  to  obscure  some  diurnal  behavior,  it 
is  not  a  fundamental  limitation.  Details  of  diurnal  variation  depend  on  the  details  of  solar  illumination 
which  varies  throughout  the  year.  Whatever  conditions  need  to  be  investigated  will,  sooner  or  later, 
occur  on  the  sampled  hour. 


6.7  THEORY  vs.  EXPERIMENT 

The  title  of  this  section  was  chosen  to  alert  the  reader  that  there  may  be  differences  between 
theory  aiai  it'hservation.  As  always,  provided  the  observations  are  well  made,  the  problem  is  theory,  not 
reality.  As  Einstein  said,  “No  number  of  experiments  can  prove  a  theory  true.  But  it  only  takes  one  to 
prove  it  false.”  That  said,  theory  and  experiment  complement  each  other  well  in  this  area.  A  few  prob¬ 
lems,  however,  deserve  explicit  mention. 

Ground  conductivity  is  not  well  known  —  especially  in  Greenland  and  Antarctica  where  ii  is  very 
important.  Also  important  in  these  regions  is  the  electrical  permittivity,  which  is  not  well  known  either. 
Indeed,  it  is  appropriate  to  modify  conductivity  maps  to  match  observation  especially  in  these  regions 

Full-wave  computations  assume  a  smooth  ionosphere  whereas  the  ionosphere  is  known  to  be 
rough.  Roughness  will  affect  higher  modes  more  than  Mode  1.  However  smooth  models  have  beeu  n  >..d 
to  predict  observed  amplitude  measurements.  Thus  the  ionospheric  heights  used  to  calibrate  the  models 
are  those  for  a  smooth  model,  not  a  more  realistic  rough  one,  with  the  result  that  ionospheric  heights  may 
be  somewhat  low. 

Ionospheric  profiles  during  transitions  arc  unknown  and  may  not  simply  be  intermediate 
between  day  and  night.  Also,  when  a  terminator  affects  a  path,  severe  asymmetries  in  the  direction  of 
propagation  may  be  introduced.  This  brings  the  great-circle  path  approximation  into  question.  If  the 
change  of  impedance  at  the  earth’s  surfacc/ionosphere  is  sufficiently  abrupt,  modal  conversion  is  con¬ 
ceivable.  Modal  conversion  at  the  terminator  unquestionably  occurs  at  the  higher  frequencies  in  the 
VLF  range  especially  near  the  equator,  but  the  extent  of  its  effect  at  1 0.2  kHz  is  not  clear.  Modeling  of  the 
transition  ionosphere  is  an  area  of  great  challenge  and  promise  for  improving  operational  accuracy. 

6.8  TRENDS 

This  section  addresses  general  tendencies  of  Omega  signals.  However,  the  reader  is  cautioned 
that  the  best  approach  in  any  specific  situation  is  to  check  coverage  predictions.  Available  predictions 
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are  discussed  in  Chapter  10.  Also,  full-wave  codes  may  be  executed  for  ti  specific  paths  in  question 
using  a  variety  of  ionospheric  profiles.  As  a  result  of  the  Omega  Validation  Program,  there  is  an  exten¬ 
sive  database  of  observations  which  may  bear  directly  on  specific  questions. 

Theoretical  expectations  for  Omega  are  discussed  in  Section  5.5.3.  Generalities  on  Omega 
propagation  are  dangerous  as  very  often  one  can  find  exceptions  when  observing  some  station  on  some 
frequency  at  some  time  and  place,  With  that  caveat,  some  of  the  more  likely  features  are  gi\'cn  in  the 
following  paragraphs. 

Attenuation  rates  (cf.  Chapter  5)  are  higher  during  the  day  than  at  night  and  higher  to  the  west 
than  to  the  east.  The  differences  can  be  quite  marked.  Equatorial  attenuation  to  the  east  at  night  may  be 
less  than  1  db/Mm  while  that  for  propagation  to  the  west  is  over  6  db/Mm.  Attenuation  rates  are  also 
higher  with  lower  ground  conductivity.  A  major  case  is  propagation  over  extremely  low  ground  conduc¬ 
tivity  such  as  Greenland  and  Antarctica  where  attenuation  may  be  near  30  db/Mm  during  the  day  but 
about  half  that  at  night.  At  many  receiving  sites,  these  circumstances  combine  to  form  an  effective 
“switch”  to  turn  off  a  signal  when  it  passes  over  the  fresh-water  ice  during  the  Arctic  (Antarctic)  summer. 

Phase  velocity  is  not  particularly  sensitive  to  ground  conductivity  under  most  conditions.  The 
phase  shift  for  a  signal  passing  over  the  continental  United  States  is  equivalent  to  a  distance  difference  of 
only  about  0.5  nm  from  that  for  the  same  signal  passing  over  an  equivalent  region  of  sea  water.  However, 
the  dependence  becomes  very  important  at  low  ground  conductivity.  Phase  velocity  varies  little  with 
direction  during  the  day  —  only  a  few  parts  in  10^.  At  night,  the  variation  is  marked,  especially  to  the 
west.  However,  the  variation  is  moot  in  cases  where  a  higher  mode  dominates. 

Significant  modal  interference  is  restricted  to  propagation  at  night  and  to  signals  propagating  to 
the  west  near  the  equator.  A  region  of  Mode  2  interference  typically  exists  on  west-bound  equatorial  or 
trans-equatorial  signals.  The  area  may  be  vast,  as  for  the  signals  transmitted  by  the  Liberia  station  which 
lies  close  to  the  geomagnetic  equator,  or  relatively  localized  as  with  North  Dakota  signals  propagated 
across  the  equator  to  Australia.  An  additional  limitation  sometimes  occurs  on  propagation  to  the  east, 
particularly  at  13.6  kHz,  due  to  Mode  1/Mode  3  interference.  A  particularly  severe  example  is 
La  Reunion  signals  propagating  to  the  central  and  eastern  Indian  Ocean. 

Long-path  signal  dominance  or  interference  (with  the  short  path)  may  occur  when  the  west-bound 
short  path  is  sunlit.  It  arises  because  the  westbound  attenuation  rates  during  the  day  are  high  while  the  rates 
for  the  eastbound  signal  at  night  are  low.  The  most  severe  limitation  is  on  the  Liberian  signal  which  is 
dominated  by  iht  long  path  over  South  America  during  short-path  day  —  a  4;  1  or  5;  1  short-path/long-path 
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length  ratio.  At  10.2  kHz  the  long-path  La  Reunion  signal  in  the  continental  United  States  is  virtually  domi¬ 
nant  for  the  entire  24-hour  day.  The  location  of  long-path  boundaries  is  particularly  uncertain. 


SPAs  and  PCDs  are  both  associated  with  rapid  phase  advances  followed  by  slow  recoveries. 
However,  the  time  scales  differ  by  about  two  orders  of  magnitude  with  SPAs  typically  persisting  for 
45  minutes  compared  to  a  duration  of  two  to  three  days  for  PCDs.  SPAs  are  restricted  to  signals  propa¬ 
gating  over  the  illuminated  half  of  the  earth;  PCDs  occur  on  signals  propagating  through  the  polar 
regions.  The  probability  of  either  event  nearly  vanishes  during  the  minimum  of  the  solar  sunspot  cycle. 
During  more  active  periods,  about  one  SPA  per  day  is  observed  somewhere  in  the  world  and  perhaps  one 
PCD  per  month. 


6.9  PROBLEMS 

6.9.1  Sample  Problems 

1 .  An  individual  reports  using  the  )  3. 1  kHz  unique  frequency  from  North  Dakota  for  frequency 
determination  at  a  facility  on  Terminal  Island  (Los  Angeles  port  area)  for  some  years.  However,  the 
signal  routinely  drop.s  out  between  0730  and  08(X)  (local  time)  every  morning  and  is  also  lost  intermit¬ 
tently  throughout  the  day.  What  is  wrong? 

Answer; 

Since  the  problem  has  existed  for  a  long  time,  station  outages  are  not  the  problem.  Also,  the  path 
is  benign.  The  location  should  be  well  beyond  the  sky  wave-groundwave  interference  region  and 
the  daytime  conditions  argue  against  modal  interference.  While  the  propagation  conditions 
could  be  further  checked  by  fullwave  calculations,  the  fixed  lime  of  occurrence  strongly  sug¬ 
gests  local  interference.  Propagation  problems  tend  to  vary  with  time  of  day  and  season  and  cer¬ 
tainly  do  not  follow  the  advent  of  Daylight  Sa  'ings  Time!  Local  interference  is  especially  likely 
near  heavy  equipment,  as  in  this  industrial  a  ea.  It  also  likely  to  follow  the  local  work  schedule, 
e.g.,  start  first  thing  in  the  morning  and  recycK  hroughout  the  day  on  demand  (compressors,  air 
conditioners).  Tell  the  user  to  “clean  up”  the  receiving  site.  (Note  that,  if  there  is  a  specific  re¬ 
mote  source  of  interference  not  on  the  North  Dakota  azimuth,  it  may  be  possible  to  orient  a  loop 
to  null  out  the  interference.) 

2.  Fishermen  operating  in  the  Labrador  Sea  several  hundred  miles  west  of  Cape  Farewell, 
Greenland,  report  that  they  experienced  a  two-  to  three-mile  error  when  using  Norway.  Thi  s  was  a  perva¬ 
sive  problem  throughout  the  month  of  June  when  they  were  fishing.  What  was  the  problem? 
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Answer: 

While  it  is  true  that  people  have  been  routinely  flying  over  this  area  on  trans- Atlantic  routes  for 
years  and  nothing  has  been  reported,  the  magnitude  of  the  error  is  not  such  that  it  would  necessar¬ 
ily  be  noted  in  an  aircraft.  The  fishermen,  working  in  the  area  for  a  month,  probably  would  no¬ 
tice.  The  path  from  Norway  to  this  area  is  a  real  prediction  challenge.  It  passes  somewhat 
tangentially  beneath  the  auroral  zone  which  could  be  a  cause  of  prediction  error  —  but  if  so 
would  likely  have  been  observed  over  much  of  the  U.S.  and  Canadian  east  coasts.  A  key  is  that 
the  observations  were  made  in  June  when  Greenland  is  illuminated.  Attenuation  is  veiy  high. 
But  the  fishermen  did  not  report  a  reception  problem  —  they  reported  a  position  problem.  The 
fact  that  the  positional  error  was  constant  rules  out  long  path  interference,  which  is  also  ruled  out 
by  general  experience  in  North  America. 

The  phase  velocity  over  the  Greenland  ice  mass  is  also  highly  anomalous.  This  brings  up  the 
possibility  of  either  of  two  fundamental  problems.  An  abrupt  change  in  surface  impedance 
along  a  path  can  lead  to  modal  conversion.  This,  in  turn,  could  lead  to  interference  and  spatial 
perturbation  in  their  fishing  area.  However,  like  most  interference  problems,  it  would  not  be 
likely  to  be  steady  over  a  large  area. 

The  other  possibility  of  a  fundamental  problem  is  an  “off-path”  effect  that  violates  the  usual 
great-circle  path  approximation.  Very  possibly  the  signal  is  propagating  east  of  the  ice  pack  and 
then  rounding  Cape  Farewell  to  reach  the  fishing  area.  This  type  of  condition  has  been  observed 
over  waters  off  Antarctica  and  reported  by  Barr  (Ref.  34).  (Note:  This  example  is  hypothetical; 
no  such  errors  have  been  reported  —  but  they  yet  could  be.) 

3.  The  tuna  fleet  reports  problems  off  Ecuador  and  Peru  using  Liberian  signals  both  during  the 
day  and  at  night.  What  is  the  problem? 

Answer: 

This  problem  is  real  and  occurred  before  coverage  limitations  were  widely  understood.  In  that 
area,  the  Liberian  signal  is  modally  disturbed  at  night  and  recei  ved  by  long  path  during  the  day.  It 
is  useless  and  must  be  deselected. 

6.9.2  Problems  to  be  Solved  by  Reader 

1 .  A  user  of  a  manual  receiver  in  the  U.S.  Gulf  Coast  off  Houston,  Texas  reports  that  the  North 
Dakota  -  La  Reunion  Hne-of-position  varies  backward.  That  is,  lanes  decrease  as  the  user  moves  away 
from  North  Dakota.  What’s  wrong? 

2.  A  user  in  southern  Japan  reports  cycle  jumps  on  Australia  during  the  sunrise  transition.  The 
location  is  east  of  the  predicted  nighttime  interference  boundary,  that  is,  in  an  area  predicted  to  be  Mode  1 
at  all  times.  What’s  wrong? 
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3.  In  central  South  America,  an  Omega  user  reports  a  problem  flying  in  the  daytime  using  Liberia. 
The  route  lies  to  the  east  of  the  predicted  long-path  interference  boundary.  What’s  wrong? 

4.  A  user  reports  generally  weak  signals  when  flying  in  the  U.S.  midwest  in  the  afternoon  in 
August.  What’s  wrong? 


6.10  ABBREVIATIONS/ACRONYMS 


ADI 

cec 

C-layer 

CCIR 

dB 

Z)-region 

GPS 

Hz 

kHz 

km 

m 

MeV 

Mm 

NOTAM 

PCA 

PCD 

PDADI 

PPC 

RAIM 

Tl  4 

IViVlc 

sr  ^ 

SNR 


Anomalous  Data  Identification 
Centicycle 

Region  of  the  ionosphere  at  altitudes  between  about  50  and  70  km  above 
the  earth’s  surface 

International  Radio  Consultative  Committee 
Decibel 

Region  of  the  ionosphere  at  altitudes  between  70  and  90  km  above  the 
earth’s  surface 

Global  Positioning  System 

Hertz 

Kilohertz 

Kilometer 

Meter 

Million  electron  volts 

Megameter  or  1000  kilometers 

Notice  to  Airmen 

Polar  Cap  Absorption  event 

Polar  Cap  Disturbance  event 

Phase-difference  Anomalous  Data  Identification 

Propagation  Correction 

Receiver  Autonomous  Integrity  Monitoring 

Roul-riiean-squared 

Sudden  Ionospheric  Disturbance 

Signal-to-Noise  Ratio 
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SPA 

UT 

UTC 

VLF 

WKB 

\VWV 
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CHAPTER  7 

SYSTEM  SYNCHRONIZATION  PROCEDURES 


Chapter  Overview  —  This  chapter  provides  an  overview  of  the  basic  principles  of 
Omega  system  synchronization  and  the  procedures  used  to  synchronize  the  stations  in  the 
network.  Following  the  chapter  introduction  in  Section  7. 1,  the  principles  of  system  syn¬ 
chronization  are  reviewed  in  Section  7.2.  These  principles  include  both  internal  and  ex¬ 
ternal  synchronization  components,  data  sources,  and  the  computational  algorithm. 
Section  7.3  describes  the  operational  procedures  used  to  implement  the  weekly  Omega 
synchronization  process.  Section  7.3  also  traces  the  improvement  in  .system  synchro¬ 
nization  petfonnance  as  external  measurements  were  incorporated  into  the  synchroniza¬ 
tion  procedure  over  a  period  of  several  years.  Problems,  including  worked-out  examples 
and  those  to  be  solved  by  the  reader,  are  in  Section  7.4.  Abbreviations  and  acronyms  used 
in  the  chapter  are  given  in  Section  7.5,  followed  by  the  cited  references  listed  in 
Section  7.6. 


7.1  INTRODUCTION 

7.1.1  Overview  of  Omega  System  Synchronization 

Omega  is  a  very  low  frequency  radionavigation  system  composed  of  eight  transmitting  stations 
located  in  the  United  States  and  six  other  nations.  At  each  station,  continuous-wave  (CW)  signals  are  trans¬ 
mitted  on  five  common  frequencies  and  one  station-unique  frequency.  The  signal  frequencies  are  time- 
shared  among  the  stations  so  that  a  given  frequency  is  transmitted  by  only  one  station  at  any  given  time. 

The  Omega  signal  transmission  format  is  illustrated  in  Fig.  7.1-1.  Across  each  of  the  eight  rows  in 
the  figure  is  a  ten-second  sample  of  the  signal  frequencies  transmitted  by  a  particular  station.  Important 
features  of  this  time/frequency  multiplex  format  are; 

•  Four  common  signal  frequencies  are  transmitted:  10.2,  IIV3,  13.6,  and  11.05  kHz 

•  One  unique  signal  frequency  is  transmitted  by  each  station 

•  An  interval  of  0.2  second  separates  each  of  the  eight  transmissions 

•  The  transmission  periods  vary  in  length. 

These  features  permit  users  to  uniquely  associate  a  given  station  and  signal  frequency  as  well  as  resolve 
lanes  with  reduced  ambiguity  (compared  to  a  single  frequency)  and  provide  multi-spectral  information 
on  a  given  path. 
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Figure  7.1-1  Omega  Signal  Transmission  Format 


A  more  basic  property  of  the  system  not  evident  in  Fig,  7.1-1  is  that  the  signals  transmitted  by  all 
stations  aic  phase-s^'rn'hronized.  For  example,  the  zero  phase  point  on  a  given  cycle  of  the  10.2  kHz  signal 
transmitted  from  Norway  occurs  (in  principle)  exactly  1 . 100000  seconds  before  the  zero  phase  point  on  a  cycle 
of  the  10.2  kHz  signal  transmitted  from  Liberia  For  a  sinusoidally  varying  Omega  signal,  the  zero  phase  point 
(clu  ely  related  to  the  station  epoch)  is  the  point  at  wiiich  tlie  vertical  electric  field  vairishes,  in  incirasing  from 
negative  to  positive  values.  In  practice,  slight  d.eviations  exist  in  phase  synchronism  from  station  to  station  at  the 
submicrosecond  level  and  even  occasionally  at  the  microsecond  level. 

It  is  important  to  differentiate  between  the  two  commonly  used  meanings  of  the  word  “synchro¬ 
nize.”  In  connection  with  receiver  signal  acquisition,  synchronize  (sometimes  called  pattern  synchroniza¬ 
tion)  means  to  align  the  receiver  with  the  Omega  signal  format  at  the  scak  of  seconds.  In  other  words, 
mis-synchronization  means  an  alignment  error  or  more  than  about  one  second.  System  synchronization, 
however,  refers  to  alignment  of  signals  at  the  microsecond  scale.  Pha.se  synchronization  usually  implies  a 
cycie-by-cycle  match-up  of  two  signals  at  the  same  frequency.  Most  receivers  aie  not  independently 
phase-synchronized  to  tlic  transmitted  signals,  although  they  become  phase-synchronized,  with  the  use 
of  control  circuitry  such  as  a  pha.sc  locked  loop  (see  Chapter  12). 
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At  any  given  common  frequency,  Omega  signals  from  each  station  are  syncluonized  to  each  other 
10  within  an  accuracy  of  about  one  centicycle,  which  is  very  nearly  one  microsecond  (at  10,2  kHz).*  More¬ 
over,  the  stations  are  also  synclironizcd  to  within  one  microsecond  of  the  UTC  epoch  (a  specific  time 
marker).  Time-synchronization  at  each  station  is  measured  with  respect  to  the  station  epoch,  the  point  in 
time  (repeated  every  30  seconds)  at  which  all  station  signal  frequencies  are  aligned  at  the  conunon  zero 
phase  point.  Thus,  the  Omega  epochs  at  all  stations  have  iui  average  value  (the  Omega  system  time)  mat  is 
well  within  one  microsecond  of  the  UTC  epoch  and  a  scatter  of  about  1  microsecond. 

On  a  scale  of  seconds,  however,  Omega  and  UTC  time  formats  are  significantly  shifted  due  to  the 
injection  of  “leap”  seconds.  At  0000  UT  on  1  January  1972,  the  Omega  and  UTC  formats  w'ere  identical 
(on  the  scale  of  seconds).  Since  that  time,  however,  leap  seconds  have  been  introduced  into  the  UTC 
format  on  a  nearly  annual  basis,  but  not  into  the  Omega  format  due  to  substantial  coordination  and  proce¬ 
dural  difficulties.  Thus,  as  of  31  December  1993,  Omega  time  leads  UTC  by  18  seconds. 

In  principle,  the  overall  Omega  synchronization  methodology  is  based  on  the  optimization  of 
two  independent  processes; 

•  Internal  synchronization 

•  External  synchronization. 

Each  of  these  processes  is  supported  by  a  characteristic  type  of  measurement(s)  and  historically  different 
objectives. 

Internal  synchronization  is  designed  to  keep  the  station  epochs  aligned  as  closely  as  possible. 
This  process  relies  on  “reciprocal  path”  phase  measurements  between  pairs  of  stations.  For  purposes  of 
basic  radionavigation,  it  is  important  only  that  the  signals  at  a  given  frequency  arc  radiated  simulta¬ 
neously  from  each  station’s  antenna.  For  hyperbolic  navigation,  the  actual  “time”  of  this  transmission 
epoch  is  unimportant  since  its  value  cancels  out  in  the  navigation  processing.  For  mobile  receivers  oper¬ 
ating  in  the  rho-rho-rho  mode  of  navigation,  a  sufficient  amount  of  phase  information  is  collected  to 
detemhne  position/position  change  so  that  the  difference  between  the  transmission  epoch  and  the 
receiver’s  internal  time/phase  is  not  needed  but  can  be  computed/estimated  if  desired.  The  mean  of  all 
station  epochs  relative  to  UTC  defines  Omega  system  time.  For  internal  synchronization,  the  perfor¬ 
mance  measure  is  the  combined  RMS  error  of  each  station  epoch  relative  to  Omega  system  time. 


*  Phase  and  time  units  arc  often  used  interchangeably,  .since  there  is  a  one-to-one  relationship  between 
the  two  quantities  through  the  time  measure  of  a  wave  period  at  a  given  frequency. 
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External  synchronization  refers  to  the  simpler  process  of  aligning  Omega  system  time  with  the 
external  UTC  time  base.  This  process  is  supported  by  measurements  of  station  epoch  relative  to  UTC  as 
derived  from  received  GPS  or  Loran-C  signals,  Alignment  of  Omega  system  time  and  UTC  is  useful  as  an 
alternative  means  of  globally  dis.seminating  UTC  epoch  and  for  receivers  relying  on  the  interoperability  of 
multiple  navigation  system  sensors  (see  Chapter  12).  In  principle,  strict  adherence  by  each  station  to  an 
external  reference  source  obviates  the  need  for  internal  synchronization.  Because  of  possible  failures  in 
external  timing  information,  however,  a  more  robust  approach  is  used  which  retains  both  processes. 

The  system  synchronization  procedure  involves  a  weekly  cycle  of  collecting  daily  internal  and 
external  measurements,  computing  and  disseminating  station  phase  and  frequency  offsets,  and  insertion 
of  the  clock  corrections  by  each  station,  Internal  synchronization  data  consists  of  daily  reciprocal  path 
measurements  at  two  frequencies  on  four  paths/station.  External  synchronization  data  comprise  daily 
Omega  station  epoch  measurements  relative  to  Loran-C  signals  (for  some  Omega  stations)  and  GPS  sig¬ 
nals  (for  all  stations).  These  data  are  processed  by  the  synchronization  computer  program  (SYNC3) 
which  is  executed  by  both  Japan’s  Maritime  Safety  Agency  (JMSA)  and  the  U.S,  Coast  Guard’s  Omega 
Navigation  System  Center  (ONSCEN).  The  program’s  weekly  outputs,  i.e.,  optimal  estimates  of  the 
phase  and  frequency  offsets  for  each  station’s  on-line  and  back-up  clocks,  are  reversed  (in  sign)  and 
issued  as  both  one-time  and  cumulative  corrections.  Each  station  then  inserts  these  corrections  at  specif¬ 
ic  times  over  the  following  week  according  to  an  established  procedure. 

7.1.2  Historical  Overview  of  Omega  Synchronization 

Prior  to  1966,  experimental  Omega  transmitting  stations  (see  Chapter  2)  operated  in  the  m.aster/ 
secondary  mode  in  which  one  or  more  secondary  stations  synchronized  their  transmissions  to  the  desig¬ 
nated  master  transmitting  station  signal.  Signal  receivers  within  10  to  30  km  of  the  secondary  station 
monitored  the  master  station  transmissions  and  fed  the  information  to  the  secondary  station  which  trans¬ 
mitted  in  a  subsequent  segment.  This  method  of  synchronization  is  similar  to  other  wide-area  radiona¬ 
vigation  systems,  such  as  Loran  and  Decca.  With  the  advent  of  precise  cesium  frequency  standards, 
independent  synchronization  of  each  station,  known  as  the  absolute  mode,  became  feasible.  The  abso¬ 
lute  mode  of  operation  enhanced  the  accuracy  of  the  system  because  fewer  propagation  paths,  each  of 
which  introduced  error,  were  involved  in  any  combination  of  secondary  station  signals.  It  also  improved 
reliability,  since  the  failure  of  any  one  station  did  not  affect  the  capability  of  other  stations  to  transmit 
synchronized  signals.  During  1966-1967,  a  four-station  network  (Norway,  Trinidad,  Hawaii,  and 
Forestport)  commenced  operations  in  the  absolute  mode,  an  event  that  marked  the  beginning  of  the  mod¬ 
ern  Omega  system  (Chapter  2). 
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During  the  first  few  years  of  operation  in  the  absolute  mode,  the  stations  were  synchronized 
using  a  procedure  developed  by  J.A.  Pierce  (Ref.  1).  In  this  scheme,  each  station  recorded  the  signal 
phase  of  the  other  stations  and  subtracted  the  best  estimate  of  the  inter-station  propagation  times/phases 
to  determine  the  station’s  own  phase  correction.  This  method,  however,  contained  an  inherent  instability 
that  allowed  a  station’s  timing  error  to  grow.  For  this  and  other  reasons  (Ref,  2)  a  centralized  procedure 
evolved  in  which  all  reciprocal  paths  in  the  network  were  analyzed  to  determine  each  station’s  phase 
corrections.  Initially,  the  analysis  was  conducted  at  the  Naval  Electronics  Laboratory  Center  (now  the 
Naval  Command,  Control,  and  Ocean  Surveillance  Center). 

In  the  early  1970s,  synchronization  control  moved  to  the  newly  formed  Omega  Navigation  Sys¬ 
tem  Operations  Detail  (ONSOD).  More  advanced  processing  of  the  reciprocal  path  data  led  to  least 
squares  estimates  of  the  phase  offsets,  computation  of  frequency  offsets,  as  well  us  tracking  the  time 
history  of  the  on-line  and  off-line  cesium  standards.  In  January  1975,  a  more  sophisticated  synchroniza¬ 
tion  algorithm  was  developed  and  implemented  as  acomputer  program  entitled  S  YNC2.  This  algorithm 
was  based  on  a  Kalman  estimation  technique  applied  to  reciprocal  path  data  using  clock  error  models. 
By  inherently  accounting  for  the  dynamics  of  the  timing  sources,  SYNC2  was  more  adaptive  and  accu¬ 
rate  than  previous  approaches.  From  1970  to  about  1976,  system  synchronization  was  conducted  as  an 
internal  process,  with  SYNC2  maintaining  an  RMS  synchronization  accuracy  of  3  to  5  microseconds. 
'I'hc  system  drifted  with  respect  to  UTC,  however,  at  one  time  reaching  a  maximum  of  29  microseconds 
(Ref.  2). 


Several  methods  of  external  synchronization  were  explored  and  tested  prior  to  1976.  These  meth¬ 
od'.  included  Omega  signal  monitoring  by  the  U.S.  Naval  Observatory  (USNO),  time  transfer  using  televi¬ 
sion  stations,  portable  clock  measurements  at  the  Omega  stations,  and  station  monitoring  of  locally 
available  Loran-C  signals.  USNO  monitoring  continued  but  was  limited  by  the  uncertainty  in  the  propaga¬ 
tion  corrections  (PPCs)  predicted  for  the  monitored  paths.  Loran-C  signal  monitoring  provided  a  more 
accurate  technique  and  was  available  at  four  of  the  Omega  stations:  Norway,  Hawaii,  North  Dakota,  and 
Japan,  Through  an  established  network  of  monitoring  and  control,  USNO  maintained  reasonably  accurate 
weekly  records  of  the  epoch  of  each  Loran-C  chain  with  respect  to  UTC.  Thus,  by  subtracting  the  propaga¬ 
tion  time  delay  from  the  local  Loran-C  transmitting  stations,  UTC  was  transferred  to  the  four  Omega 
.stations. 


S  YNC2  was  upgraded  (to  Version  2)  in  1976  to  incorporate  Loran-C  and  other  external  measure¬ 
ments  into  the  synchronization  algorithm.  In  October  of  1977,  Japan’s  Maritime  Safety  Agency  (JMSA) 
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assumed  primary  responsibility  for  Omega  system  synchronization  computation  and  control.  For  pur¬ 
poses  of  redundancy  and  cross-checking,  ONSCEN  continued  to  perform  a  parallel  computation  of  syn¬ 
chronization  corrections.  SYNC2  was  again  upgraded  (Version  3)  in  1979  to  address  noted  problems 
(such  as  error  covariance  buildup)  and  incorporate  other  modifications. 

In  1985,  the  availability  of  GPS  satellites  for  sufficiently  long  daily  periods  provided  a  very  con¬ 
venient  global  source  of  UTC  information.  As  a  final  revision,  SYNC2  was  modified  (Version  4)  to 
incorporate  GPS  timing  receiver  measurements  at  all  stations.  By  the  close  of  1988,  operational  GPS 
measurements  at  all  stations  were  fully  incorporated  into  the  system  synchronization  procedure  and 
long-standing  timing  biases  in  the  stations  not  accessible  to  Loran-C  were  removed. 

The  S  YNC2  software  was  originally  written  in  FORTRAN  IV  and  hosted  on  a  Honeywell  6000 
series  mainframe.  Later  revisions  were  made  using  FORTRAN  77  code  and  compiler.  In  about  1985, 
the  program  was  hosted  on  a  Data  General  minicompu  sr  and  compiled  and  executed  under  AOS.  In 
1993,  the  program  was  restructured,  rewritten  in  C,  and  renamed  SYNC3.  SYNC3  maintains  much  of 
the  original  functionality  of  SYNC2,  but  exploits  advances  in  computer  technology,  software  engineer¬ 
ing,  and  developments  in  the  analysis  of  Omega  data  (Ref.  6). 


7.2  SYNCHRONIZATION  PRINCIPLES 

The  Omega  system  synchronization  algorithm  is  structured  to  control  two  synchronization  pro¬ 
cesses  inherent  in  system  operations:  internal  synchronization  and  external  synchronization.  The  inter¬ 
nal  synchronization  process  attempts  to  maintain  simultaneous  signal  transmission  by  the  stations  to 
permit  navigation/posltion  location  for  Omega-only  receiving  systems.  Inevitably,  there  is  a  departure 
from  simultaneous  signal  transmission  in  which  epochs  from  some  stations  are  earlier  or  later  than  oth¬ 
ers.  In  such  cases,  it  is  convenient  to  define  a  “pseudo-epoch”  that  is  the  mean  value  of  all  the  station 
epochs  at  any  given  instant.  The  evolution  of  these  pseudo-epochs  defines  a  time  scale  called  Omega 
system  time  (sometimes  referred  to  as  mean  Omega  system  time).  The  process  of  external  synchroniza¬ 
tion  seeks  the  coincidence  of  Omega  system  time  with  the  Coordinated  Universal  Time  (UTC)  epoch  to 
permit  the  dissemination  of  UTC  and  the  inclusion  of  Omega  into  interoperable  receiving  systems  with 
multiple  navigation  sensors  having  a  common  UTC  time  base. 

7.2.1  Internal  Synchronization 

Figure  7.2-1  illustrates  the  concept  of  Omega  .system  time  relative  to  UTC.  In  Fig.  7.2- la,  the 
relatively  shifted  waveforms  transmitted  by  each  station  indicate  the  variation  from  a  common  signal 
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Figure  7.2“1  Illustration  of  Station  Epochs,  Omega  System  Time,  and  UTC 


transmission  “time.”  Transmission  time  is  quantified  by  the  identification  of  an  epoch,  the  occurrence  of 
an  actual,  repeatable  event,  defined  with  respect  to  a  universal  time  base  such  as  UTC.  Omega  station 
epoch  may  be  defined  (see  Chapter  3  for  a  more  precise  definition)  as  the  occurrence  of  the  waveform 
zero  crossing  as  the  signal  increases  from  negative  to  positive  values.  Signal  waveforms  and  the 
associated  epochs  foreach  station  are  illustrated  in  Fig.  7.2-  la  relative  to  an  arbitrary  time  origin.  Actual 
epoch  shifts  are  typically  only  a  few  hundredths  of  a  cycle  so  that  no  cycle  ambiguity  occurs.  Fig.  7.2- lb 
depicts  a  possible  distribution  of  station  epochs,  the  corresponding  Omega  system  time,  and  the 
associated  UTC  epoch. 

The  internal  synchronization  process  relies  on  phase  measurements  made  on  reciprocal  paths. 
Reciprocal  paths  are  sub-ionospheric  propagation  paths  (over  the  surface  of  the  earth)  in  which  the  loca¬ 
tions  of  the  transmitting  station  and  receiver  are  (approximately)  exchanged.  Reciprocal  paths  for  which 
these  measurements  are  available  couple  station  monitors  and  remote  stations.  These  measurements  are 
slightly  complicated  by  the  fact  that  they  are  referenced  to  the  local  transmitting  station  (and  thus  are 
actually  vhd>.SQ-difference  measurements).  Reciprocal  path  measurements  are  used  because  their  differ¬ 
ence  approximates  the  difference  in  synchronization  error  between  the  stations  at  both  ends  of  the  recip¬ 
rocal  paths.  To  see  this,  consider  reciprocal  paths  for  stations  A  and  B.  The  phase  measurement  at  the 
monitor  local  to  station  A  is 


(7.2-1) 


where  <p{X,  Y)  is  the  phase  of  station  X  at  monitor  Y,  and  the  subscript  m  identifies  the  monitor  local  to  the 
designated  station.  Similarly,  the  phase  measurement  at  the  monitor  local  to  station  B  is 

0(A,B;;,) -^tB,B,„)  (7.2-2) 


The  actual  phase  0  may  be  decomposed  as  a  sum  of  three  terms: 

•  The  predicted  phase,  0prcd 

•  The  error  in  the  predicted  phase,  d^p,ed 
«  The  synchronization  error,  d<f>yyi;c 
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ic  should  be  noted  that  the  predicted  phase  (and  its  error)  depend  on  the  path,  whereas  the  synchroniza¬ 
tion  error  depends  only  on  the  station  from  which  the  signal  was  transmitted.  With  this  decomposition, 
Eq.  7.2-1  may  be  written 


0prcd(®’^'”)  "I"  Affi)  +  <50sync(B)  "■  ^0pred(^’ <50sync(A) 

(7.2-3) 


Similarly,  Eq.  7.2-2  may  be  written 


"h  <50pred(''^' <50sync(A)  —  0p|,gj(B,  B;„)  —  <30pfgj(B,  B;,,)  ^0sync(B) 

(7.2-4) 

The  reciprocal  path  value,  /?(A,B),  is  the  difference  in  the  station  monitor  measurements  expressed  by 
Eqs.  7.2-3  and  7.2-4,  i.e., 

i?(A,B)  =  C  +  d<Pp^JB,And  -  d<Pp,JA,B„)  +  2((50sync(B)  -  <$0synch(A))  (7.2-5) 


where 


^  “  0prcd(B.A„i)  -  0pjgj(A,Bff,)  —  {<ppj^^^{A,Afn)  0pp.j(B, B„,)) 


The  predicted  quantities  that  make  up  C  involve  the  nominal  values  and  PPCs  (defined  in  Chapter  9) 
which  aie  well-known  so  that  C  can  be  tabulated  and  subtracted  from  /<(A,B). 

The  basic  assumption  in  processing  the  reciprocal  path  measurements  is  that  the  differences  in 
prediction  error  on  reciprocal  paths,  which  for  the  above  example  i.s 


prerA^'  pred^^  <^m) 


can  be  neglected.  This  is  generally  a  good  assumption,  since  the  predictions  for  each  of  the  two  recipro¬ 
cal  paths  differ  relatively  little  (0  to  5  cecs)  and  therefore  the  errors  differ  even  less  (0  to  2  cccs).  With  this 
assumption,  the  difference  in  synchronization  errors  beUveen  stations  B  and  A  is 

<50,ync(B)  -  (50,y„,h(A)  =  ^/^'(A,B)  (7.2-6) 


7-9 


where  R'(A,B)  =  R(A,B)  -  C. 


Since  the  internal  synchronization  process  relates  to  excursions  of  each  station  epoch  from 
Omega  system  time,  the  quantity  obtained  from  the  reciprocal  path  measurements  (Eq.  7.2-6)  may  be 
written 


=  (7.2-7) 

where  6(/>xq  is  defined  to  be  the  phase  variation  of  station  X’s  epoch  from  Omega  system  time.  The  sign 
is  defined  so  that  if  d<pxQ  is  positive,  the  epoch  of  station  X  is  late  with  respect  to  Omega  system  time. 

Effective  reciprocal  path  phase  measurement  relations  expressed  in  Eq.  7.2-7  are  given  for  a 
single  time.  To  incorporate  the  dynamics  of  the  process  into  the  synchronization  algorithm,  daily  phase 
measurements  over  a  week  are  processed  to  determine  the  (assumed  linear)  rate  of  change  of  phase 
excursion  from  Omega  system  time  as  well  as  the  (assumed  linear)  rate  of  divergence  or  convergence  of 
Omega  system  time  from  UTC.  Since  the  time  rate  of  change  of  phase  is  frequency,  this  independent  set 
of  measurements  is  called  reciprocal  path  frequency  measurements.  Here,  the  word  “frequency”  refers 
to  the  time  derivative  of  phase  (a  small  fraction  of  a  Hertz  in  magnitude)  and  not  to  the  radiated  signal 
frequency.  A  relation  similar  to  Eq.  7.2-7  for  stations  A  and  B  is  given  for  the  reciprocal  path  frequency 
measurements: 


=  (7.2-8) 

where  the  dot  indicates  time  derivative  and  k'{A,  3)  =  R{A,  B)  to  a  good  approximation  since  C  is  a 
function  of  the  phase  predictions  that  vary  little  from  day  to  day  (at  the  same  hour)  over  a  week. 

7.2.2  Externa]  Synchronization 

Measurements  used  for  the  external  synchronization  process  are  much  more  direct  than  the 
reciprocal  path  measurements  required  for  internal  synchronization.  The  external  synchronization  data 
consist  of  measurements  of  the  difference  between  the  Omega  epoch  and  UTC  epoch*  at  each  station.  In 
the  case  of  Loran-C,  the  actual  readings  are  adjusted  to  account  for  the  propagation  time  of  the  signal,  the 
coding  delay,  and  the  difference  between  the  reference  station  chain  timing  and  UTC  as  determined  by 


*When  the  two  epochs  are  in  perfect  agreement  at  the  nnicrosecond  scale,  the  Omega  epoch  leads  the 
UTC  epoch  by  exactly  18.000000  seconds  (as  of  01  January  1994). 
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USNO.  For  GPS  timing  receiver  measurements,  little  or  no  adjustment  or  processing  is  required.  Thus, 
for  example,  at  station  X  the  external  measurement  is 


E{X)  —  d<Pxx) 

Here,  the  variation  is  written  in  terms  of  phase,  although  it  can  also  be  written  in  terms  of  time  through  the 
relation  r  =  Hf-^  1  cycle  =  100  centicycles  (cec).  The  variation  of  each  station  epoch  from  UTC  can  be 
decomposed  into  the  excursion  from  Omega  system  time,  the  difference  between  Omega  sys¬ 

tem  time  and  UTC,  <50qu. 

£00  = 

The  dynamics  of  the  external  synchronization  process  are  incorporated  into  the  syiichronization  algo¬ 
rithm  in  much  the  same  way  as  for  internal  synchronization.  Daily  measurements  of  E{X)  over  the  seven 
days  of  the  computation  week  are  fit  to  a  straight  line  whose  slope  is  the  frequency  offset  of  station  X’s 
Cesium  standard.  Using  the  same  decomposition  as  for  Eq.  7.2-9  above  yields 


£(«  =  dha  +  ■3/ou 

To  isolate  the  quantities  ^nd  (5/nu.  the  mean  values  of  Eqs.  7.2-9  and  7.2-10  are  taken  over  all 
stations,  resulting  in  the  relations 


H 

1/8  2  (7.2-11) 

x=k 

and 


H 

■Vou  =  1/8  2 


x=^ 


(7.2-12) 


In  deriving  Eqs.  11  and  12,  the  definitions  of  Omega  system  time  and  Omega  system  frequency  (see 
Fig,  7,2-1)  were  invoked,  i.e., 

H 

X  ^^xa  =  0  =  ^ 

X=A  X=A 
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7.2.3  State  Estimation 

Using  a  state  space  formulation,  the  states  of  the  system  can  now  be  defined  and  related  to  the 
reciprocal  path  measurements.  The  first  eight  states  correspond  to  <5^xn  where  X  =  A,  B, . . .  H.  The 
ninth  state  is  (50qu.  which  is  the  variation  of  the  Omega  system  time  epoch  from  UTC.  States  10  through 
17  correspond  to  the  time  derivatives  of  states  1  through  8,  i.e.,  These  states  correspond 

to  the  variation  of  each  station’s  frequency  from  the  Omega  system  frequency,  which  is  the  mean  of  the 
station  frequencies.  The  last  state  is  (5/qu,  which  is  the  time  derivative  of  the  phase  variation  of  the 
Omega  system  time  from  the  UTC  epoch. 

The  reciprocal  path  data  for  one  pair  of  stations  is  related  to  the  corresponding  two  system  states 
as  in  Eq,  7.2-7.  Similarly,  the  average  of  the  external  measurement  aata  is  related  to  the  ninth  state  as  in 
Eq.  7.2-1 1.  In  general,  the  measurement  data  vector,  z,  may  be  related  to  the  system  state  vector,  64> 
(containing  the  18  states)  through  the  measurement  matrix,  H,  as 

Z  =  l\64>  +  V  (7.2-13) 

where  v  is  the  zero-mean  measurement  noise  vector.  Since  there  are  about  thirty  reciprocal  path  phase 
measurements  (per  signal  frequency),  the  first  thirty  components  (rows)  of  Eq.  7.2-13  yield  the  internal 
measurements.  For  these  components,  the  H-matrix  contains  Is  and  -Is  in  the  first  eight  columns, 
depending  on  the  measurement  set.  The  next  component  is  just  the  average  of  the  external  measurement 
data,  i.e.,  Eq.  7,2-1 1.  The  subsequent  thirty  components  are  reciprocal  path  frequency  measurements 
similar  to  the  example  for  two  states  given  in  Eq.  7.2-8.  The  last  component  is  the  Omega  system  fre¬ 
quency  offset  measurement  given  by  Eq.  7,2-12. 

With  the  system  as  now  defined,  the  optimal  discrete  Kalman  estim.ate  of  the  state  vector  at  a 
discrete  time  is  given  as 

<54(  +  )  =  (5<P^(-)  +  -  //^<5<P;t(-)]  (7.2-14) 

where  the  “+”  in  parentheses  refers  to  the  state  estimate  at  time  after  the  measurements  are  made  and 
the  to  the  state  estimate  at  time  tk  before  making  the  measurements,  The  quantity  Kk  is  the  Kalman 
gain  which  controls  the  relative  importance  of  the  new  information  in  the  measurement  at  tk  (the  brack¬ 
eted  quantity),  In  other  words,  the  estimate  of  the  state  after  the  measurement  is  given  by  the  state  esti  ¬ 
mate  before  the  measurement  modified  by  the  new  information  in  the  measurement  at  p.  Thf  Kalman 
gain  is  given  by 

a:*  =  +)«[«;'  (7,2-15) 
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where  (+)  is  the  covariance  matrix  associated  with  the  state  estimation  error  after  the  measurement  at 
tk  and  Rk  is  the  covariance  matrix  associated  with  the  measurement  noise  error  (see  Eq.  7.2-13),  i.e. 

PkW^  E[{d^kW  -  di>^{  +  )){d0kW  -  +  Rk  = 

Note,  from  Eq.  7.2-15,  that  the  “magnitude”  of  the  Kalman  gain  increases  as  the  norm  of  Pk  (+)  increases 
and  decreases  as  the  norm  of  Rk  increases.  This  behavior  follows  from  the  fact  that  a  large  covariance 
matrix  norm  means  the  system  states  ai'e  not  well-estimated  and  thus,  more  weight  is  given  to  the  most 
recent  measurement  (high  Kalman  gain).  On  the  other  hand,  a  large  norm  for  Rk  means  that  the  measure¬ 
ments  are  very  noisy  and  unreliable  so  that  little  weight  should  be  given  to  the  most  recent  measurement 
(low  Kalman  gain).  The  covariance  matrix  is  updated  as 

This  expression  means  that,  for  large  measurement  errors  (large  norm  for  Rk),  the  updated  covariance 
matrix  changes  little.  For  small  Rk,  however,  the  inverse  of  the  updated  covariance  matrix  is  large 
compared  to  the  covariance  matrix  inverse  prior  to  the  measurement.  This  means  that  small  measurement 
errors  lead  to  a  reduction  in  the  norm  of  the  updated  covariance  matrix  relative  to  its  value  before  t  he  mea¬ 
surement.  Thus,  the  uncertainly  in  the  updated  state  is  reduced  as  a  result  of  small  measurement  errors. 

7.2.4  Computation  of  Synchronization  Adjustments 

The  synchronization  algorithm  is  implemented  by  a  computer  program  designated  SYNC3.  The 
overall  SYNC3  structure  consists  of  the  following  three  components: 

•  Input  data  preprocessor  (PRESYNC3) 

•  Computational  engine  (  SYNC3) 

•  Database. 

The  input  data  preprocessor  and  the  cornputational  engine  perform  the  processing  and  both  components 
interface  with  the  database,  Several  additional  utility  programs  are  included  in  the  interface  code 
because  of  standard  DOS  memory  constraints  (<  640  kBytes). 

The  purpose  of  the  input  data  preprocessor,  PRESYNC3,  is  to  read  the  input  data  from  the  weekly 
status  reports  submitted  by  each  of  the  eight  Omega  stations.  Each  station’s  weekly  status  report  con¬ 
tains  the  reciprocal  path  data  for  internal  .synchronization,  external  .synchronization  data  and  other 


7-13 


operational  information.  PRES  YNC3  reads  this  data  from  fi  les  on  the  hard  disc,  parses  the  data  into  data 
structures,  performs  preliminary  data  reduction,  validity  and  reasonableness  checks,  computes  the  tim¬ 
ing  measurements,  and  initiates  the  program  to  write  the  data  to  the  database.  A  status  report  for  each 
station  monitor  is  available  after  the  data  is  processed. 

The  SYNC3  program  is  organized  to  process  the  daily  measurement  set  via  an  optimal  Kalman 
filter  to  obtain  the  synchronization  corrections  (referred  to  as  CORK  and  ACCUM).  This  procedure 
includes  the  following  stages: 

•  Processing  a  week’s  worth  of  station  monitor  measurement  data 

•  Retrieving  supporting  data  from  the  database 

•  Comparing/verifying  current  week’s  ce.sium  clock  stria!  numbers  with  those  of  the 
previous  week 

•  Processing  the  measurements  sequentially  to  obtain  the  Kalman  estimates 

•  Generating  the  synchronization  messages  for  each  Omega  station. 

Any  mismatch  between  previous  and  current  Cesium  clock  serial  numbers  is  identified  and/or  rectified 
by  the  program.  The  iterative  expressions  presented  in  Section  7.2.3  are  processed  using  Bierman’s  UD 
algorithm  (Ref.  5).  SYNC3  provides  eight  predefined  plots  and  seven  predefined  tables  that  can  be 
viewed  interactively  to  permit  analysis  of  the  cuaent  data  run.  Further  information  on  S  WC3  operation 
is  contained  in  Ref.  7, 

The  S  YNC3  software  system  runs  on  an  IBM-  PC  compatible  computer  with  an  80386  micropro¬ 
cessor  under  the  MS-DOS  operating  system.  No  extended  or  expanded  memoiy  is  required.  The  pro¬ 
gram  consists  of  approximately  15,000  source  lines  of  C  code  developed  using  the  Borland  C-f-+ 
compiler  (version  3.0).  The  Paradox  relational  database  (version  3.5)  supports  SYNCS  processing. 
Most  of  the  tables  in  the  database  are  temporary  tables  used  for  plotting.  Data  is  displayed  and  plotted 
within  Paradox  while  the  C  programs  are  running.  The  Paradox  engine  (version  2.0)  is  used  to  interface 
the  C  programming  language  with  the  Paradox  database. 

SYNC3  permits  six  different  input  modes  (combinations)  for  tlie  station  timing  data.  The  initial 
phase  covariance  for  a  new  on-line  clock  is  1  psec^  and  the  initial  frequency  covariance  is  0.04  (psec/day)^. 
After  the  filter  has  reached  statistical  steady  state,  switching  to  an  input  mode  with  less  data  available  for 
several  weeks  doe.s  not  affect  the  perfonnance  of  the  SYNC3  Kalman  filter.  During  the  period  with  less 
available  data,  filter  covariance  begins  to  grow,  but  quickly  decays  when  that  timing  data  is  available  again. 
E.spccially  in  the  presence  of  GPS  data,  the  phase  and  frequency  covariance  tenns  recover  quickly. 
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The  principal  outputs  of  the  program  are  the  updated  state  vector  estimates  (see  Eq.  14).  In  particu¬ 
lar,  states  1  through  8  represent  the  estimated  phase  offsets  (in  microseconds)  of  the  eight  Omega  stations 
from  Omega  system  time.  The  corrections  implemented  by  the  stations  are  just  the  negative  values  of  the 
resulting  numerical  outputs  for  the  states.  In  similar  fashion,  states  10  through  17  yield  tlie  estimated  station 
frequency  offsets  (in  microseconds/day)  from  the  Omega  system  frequency.  These  output  state  values  are 
divided  by  -6  to  obtain  the  four-hour  ACCUM  adjustments  applied  to  the  station  on-line  clock  units.  Note 
that  states  9  and  18  correspond  to  no  actual  adjustment  or  correction,  but  the  measurements  involving  those 
states  are  certainly  used  in  computing  all  the  other  corrections.'adjustments. 

The  output  quantities  described  above,  which  are  based  on  the  Kalman  estimation  algorithm 
presented  in  Section  7.2.3  apply  strictly  to  the  on-line  clock  units  at  each  station.  Each  of  the  two  station 
back-up  clock  units  serves  as  an  immediate  replacement  in  the  event  of  failure  of  the  back-up  unit.  To 
minimize  any  weekly  differences  between  the  on-line  and  back-up  units,  both  back-up  units  are  aligned 
(“scoped”)  to  the  on-line  clock  unit  once  per  day.*  Remaining  divergences  from  the  on-line  clock  over 
the  period  of  a  day  are  removed  by  adjusting  (through  the  insertion  of  ACCUMs)  the  back-up  clock  units 
at  each  station  every  four  hours.  Although  the  procedure  is  the  same,  the  ACCUMs  for  the  back-up  units 
are  the  result  of  a  SYNC3  calculation  separate  from  the  Kalman  estimates  of  Section  7.2.3.  Instead,  the 
phase  shifter  readings  over  the  nine- week  period  prior  to  the  current  date  are  fitted  to  a  straight  line  using 
a  least-squares  technique.  The  negative  of  the  resulting  slope  (in  microseconds  per  four-hour  period)  is 
then  the  ACCUM  correction  for  the  particular  back-up  clock  unit  for  the  succeeding  week. 

7,3  SYNCHRONIZATION  OPERATIONS 

The  weekly  collection  of  data  and  calculation  of  station  synchronization  corrections  constitute 
one  of  the  most  important  functions  of  Omega  operations.  As  noted  in  Section  7. 1 .2,  Japan’s  Maritime 
Safety  Agency  (JMSA)  has  led  the  operational  generation  of  system  synchronization  corrections  since 
about  1977.  The  Omega  Navigation  System  Center  (ONSCEN)  performs  back-up  calculations  of  syn¬ 
chronization  corrections  to  ensure  computational  accuracy  and  integrity. 

The  overall  synchronization  process  consists  of  determining  the  station  phase  and  frequency  off¬ 
sets  and  applying  the  computed  corrections  at  each  station.  The  phase  and  frequency  offsets  are  obtained 

*New  Timing  and  Control  Subsystem  equipment  being  installed  (May  1994)  at  the  stations  includes 
the  Omega  Signal  Generator  tuMSUhN )  and  the  Omega  Signal  Controller  (OMSCON).  Instead  of 
using  the  oscilloscope  method,  alignment  of  the  back-up  clock  units  to  the  on-line  units  is  now  made 
by  inserting  the  difference  in  the  OMSGENS  into  the  OMSCON.  All  information  regarding  these 
differcnce,s  is  transmitted  to  ti.e  other  subsystem  units  via  a  communication  ring. 
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from  daily  reciprocal  path  phase  measurements  and  satellite  timing  measurements.  As  noted  above,  this 
weekly  data  is  independently  processed  by  both  JMSA  and  ONSCEN  to  verify  the  final  results.  JMSA 
issues  directives  to  the  stations  where  the  corrections  (some  of  which  are  applied  throughout  the  week) 
are  initiated  within  a  few  hours  of  receipt. 

7.3.1  Measurement  Input  Data 

The  internal  synchronization  process  is  supported  by  reciprocal  path  data  that  is  obtained  from, 
station  monitor  phase  data.  The  phase  data  at  each  station  monitor  is  collected  for  four  remote  stations 
whose  phase  is  referenced  to  that  of  the  local  station.  The  remote  transmitting  station  and  monitor 
receiver  constitute  a  path  (actually,  a  short  path),  which,  together  with  the  measurement  time,  define  a 
path-time.  Both  the  paths  and  the  path-times  are  carefully  chosen  to  be  anomaly-free,  i.e.,  the  predicted 
signal  behavior  is  not  modal,  long-path,  etc.  (.see  Chapters  5  and  6)  so  that  the  data  can  supply  maximum 
information  on  station  synchronization  differences.  In  most  cases,  path-times  are  chosen  so  that  the  path 
lies  fully  on  the  day  side  of  the  earth  (although  long-path  reception  is  sometimes  a  danger  when  the  short 
path  is  fully  illuminated).  In  selecting  or  revising  path-times,  the  principal  criterion  is  that  the  random 
phase  error  (standard  deviation  over  a  month’s  worth  of  daily  measurements  at  a  fixed  hour)  be  as  small 
as  possible.  Additional  information  is  provided  by  using  phase  data  at  both  10.2  and  13.6  kHz,  which  is 
averaged  prior  to  processing  by  the  Kalman  filter. 

Table  7.3-1  shows  the  measurement  path-times  for  both  internal  and  external  synchronization 
data.  The  station  monitors  are  listed  across  the  top  and  the  remote  stations  whose  signals  are  monitored 
are  given  in  the  leftmost  column.  F  n  ^he  internal  measurements  at  the  Omega  stations,  the  phase  is 
always  referenced  to  the  station  loc?. '  le  station  monitor.  Note  that  the  first  eight  rows  are  symmetric 
about  the  diagonal  from  upper  r  .v  .^wer  right.  This  symmetry  arises  because  of  the  need  to  make 
measurements  at  both  ends  of  a  reciprocal  path  at  the  same  time.  In  some  cases ,  daily  measurement  limes 
(UT  hours)  charge  throughout  the  year,  especially  on  polar  paths,  where  path  illumination  changes  sub¬ 
stantially  over  the  year.  In  the  case  of  Loran-C  and  GPS  measurements,  the  receiver  is  located  at  the 
Omega  station  itself.  Note  that  Loran-C  measurements  are  available  at  only  four  stations,  whereas  GPS 
data  is  recorded  at  all  stations. 

The  synchronization  data  is  compiled  by  each  station  and  submitted  to  JMSA  and  ONSCEN  every 
Monday  in  the  form  of  a  weekly  station  data  report.  Tliis  report  presents  the  daily  measurement  data,  both 
internal  (10.2  and  13.6  kHz  pha.se  for  four  path-times)  and  external  (Loran-C  and  GPS),  for  the  eight  days 
from  the  previous  Monday  to  the  most  recent  measurement.  External  measurement  data,  whose  daily  mea¬ 
surement  times  are  given  in  Table  7.3-1,  are  in  units  of  microseconds.  All  other  (phase)  measurements  are 
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Table  7.3- 1  Path-times  for  Synchronization  Measurements 


TRANSMITTINQ 

STATION  MONITOR 

STATION 

NORWY 

LIDER 

HAWAI 

NtOAK 

REtJNI 

ARGE2 

AUSTS 

JAPAN 

A 

1300 

0500 

(Oct-Mar) 

1700 

(Apr-Sep) 

1100 

1800 

B 

1300 

1600 

1000 

1500 

C 

0500 

(Oct-Mar) 

1700 

(Apr-Sep) 

2000 

2400 

0100 

D 

i 

1 

1600 

2000 

1 

1700 

1100 

(Oct-Mar) 

2200 

(Apr-Sep) 

1 

E 

1100 

1000 

1 

1800 

0500 

F 

1500 

1700 

1800 

0900 

G 

2400 

0500 

0900 

0400 

H  j 

1 

1800 

0100 

1100 

(Oct-Mar) 

2200 

(Apr-Stp) 

0400 

Loran-C 

1200 

1800 

0400 

GPS 

0816 

0846 

0916 

0616 

0646 

0710 

0746 

given  in  0.01  cycle  (centicycle  (cec))  corresponding  to  the  given  frequency.  The  report  also  provides  the 
phase  shifter  (clock)  readings  in  microseconds  for  the  on-line  and  each  of  the  back-up  (primary  and  sec¬ 
ondary)  clock  units.  The  readings  are  made  after  the  back-up  clock  units  are  aligned  to  the  on-line  units 
(see  Section  7.2.4)  for  the  current  Monday.  The  remaining  portion  of  the  report  describes  any  anomalies 
or  discrepancies  from  routine  operations,  including: 

•  Cesium  status  changes — any  change  in  precedence  (on-line,  primary  back-up,  sec¬ 
ondary  back-up)  is  noted,  including  the  changed  units,  date/time  of  change,  and 
phase  shifter  readings  at  the  time  of  change. 

•  Off-air  periods — normally  refers  to  periods  when  transmittei'  operation  has  ceased 
so  that  no  reciprocal  path  measurements  are  available  but  clock  units  remain  active 
so  that  external  measurements  continue  as  well  as  ACCUM  insertions  for  all  clock 
units. 

•  Reduced  power  periods  —  generally  do  not  affect  synchronization  measurements. 

•  Signal  anomalies — reports  of  any  sudden  ionospheric  disturbance  or  polar  cap  dis¬ 
turbance  events  during  the  week,  including  starting  and  ending  times  as  well  as  the 
time  of  peak  disturbance;  reciprocal  path  data  is  excluded  during  these  events 
although  external  data  is  presumably  unaffected. 

Further  infonnation  regarding  message  format  and  content  is  given  in  Ref.  4. 


I 
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7.3.2  Computational  Output  Data  and  Directives 

The  calculation  of  synchronization  conections  coinmences  after  all  v,eekly  station  data  reports 
are  received  by  JMSA  and  ONSCEN.  The  computation  is  not  lengthy,  but  requires  careful  checking  of 
inputs  and  outputs  and  possibly  several  re-executions.  The  central  result  of  the  calculation  is  the  updated 
optimal  estimate  of  the  state  vector.  The  first  eight  states  describe  the  phase/time  excursions  of  the  sta¬ 
tion  clocks  from  Omega  system  time.  To  offset  these  excursions,  the  negative  value  of  these  computed 
state  values  must  be  inserted  into  each  station’s  on-line  clock  unit.  The  directive  message  from  JMSA  to 
each  station  contains  the  correction  value  in  microseconds,  which  is  entered  into  all  on-line  and  back-up 
clock  units  at  the  next  designated  insertion  time  following  receipt  of  the  directive  message.  Table  7.3-1 
gives  the  allowed  insertion  times  for  each  station.  The  insertion  times  for  each  station  differ  so  that  sys¬ 
tem  users  do  not  experience  a  sudden  “jump”  in  phase/time  that  might  lead  to  a  jump  in  a  position  track. 

Similarly,  states  10  through  17  define  the  frequency  excursions  of  the  station  clocks  from  the 
Omega  system  “frequency.”  Thus,  even  though,  in  principle,  the  corrections  from  the  first  eight  states 
reset  the  system,  the  non-zero  drifts  in  the  clocks  imply  that  the  stations  will  begin  to  diverge  from  syn¬ 
chronization  soon  after  the  corrections  are  made.  The  negative  values  of  the  frequency  excursion  states 
(States  10  through  17)  are  intended  to  offset  the  expected  divergence.  It  is  not  feasible  to  implement  a 
continuous  time-linear  phase  change  into  the  clock  units,  so  the  frequency  offset  is  approximated  as  a 
series  of  incremental  phase  changes  at  fixed  time  intervals.  This  is  the  basis  for  the  four-hour  ACCUM 
insertions.  For  a  given  station’s  on-line  clock,  the  ACCUM  is  computed  as  the  negative  of  the  corre¬ 
sponding  frequency  excursion  state  (in  microseconds  per  day)  divided  by  six  (since  there  are  six  four- 
hour  intervals  in  a  day).  The  ACCUM  values  for  each  station  clock  unit  are  also  contained  in  the  JMSA 
directive  message.  Insertion  of  these  values  (which  may  or  may  not  differ  from  the  previous  week’s 
ACCUM  values)  commences  at  the  first  insertion  time  of  the  next  UT  day  following  receipt  of  the  direc¬ 
tive  message.  Table  7.3-2  indicates  the  six  insertion  times  at  four-hour  intervals  for  each  station.  As 
noted  above,  these  are  staggered  to  “smooth  out”  any  change  in  Omega  system  time.  Also  shown  in 
Table  7.3-2  are  the  daily  alignment  or  “scoping”  times  at  each  station,  when  the  back-up  clock  units  are 
aligned  with  the  on-line  units  (see  Section  7.2.4  and  Chapter  3). 

7.3.3  Synchronization  Performance 

As  a  system,  Omega  has  remained  well-synchronized  throughout  its  operational  history.  Inter¬ 
nally,  the  system  has  been  synchronized  to  within  about  5  microseconds  since  a  centralized  operations 
center  was  set  up  in  1971  under  the  auspices  of  the  U.S.  Coast  Guard’s  Omega  Navigation  Sy.stem 
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Table  7.3-2  Daily  ACCUM  Insertion  and  Scoping  Times 


UT  HOUR* 


*  For  each  entry,  the  number  refers  to  a  measurement  1 6  (46)  minutes  afterthe  hour  at  tt'o  'orj  of  the  ct  .  Tin.  ACCUM  insertion 
tirTiOs  occur  at  all  indicated  times;  scoping  times  are  designed  by  a  shaded  entry. 


Operations  Detail.  Prior  to  that  time,  only  two  of  the  currently  operating  stations  were  transmitting  and, 
in  practice,  the  sy.stem  was  more  experimental  than  operational,  including  the  synchronization  method. 
Also  during  this  perioa,  the  system  was  not  intentionally  referenced  to  any  external  time  scale. 

Between  1971  and  1976,  external  synchronization  was  an  ad  hoc  process  that  relied  on  USNO 
measurements  of  the  North  Dakota  signal  and  portable  clock  measurements.  Determining  the  Omega  sys¬ 
tem  time  offset  relative  to  UTC  from  the  USNO  data  was  inaccurate  due  to  the  uncertain  propagation  deliy 
(cuiiiputed  from  the  available  PPCs)  between  the  station  source  and  the  receiver.  A  substantial  bias  error '  a 
the  PPCs  could  therefore  have  resulted  in  a  fixed  offset  for  many  months.  On  the  other  hand,  portable  clock 
measurements  were  very  accurate  but  were  made  relatively  infrequently  due  to  the  considerable  logistics 
iiiid  cost  involved,  Though  accurate  initially,  the  effect  of  the  portable  clock  measurement  would  begin  to 
decay  one  week  after  the  measurement  was  made  and  the  routine  weekly  data  sources  (with  their  built-in 
biasc.s)  would  again  “steer”  Omega  sy.stem  time  after  a  few  weeks.  As  noted  in  Section  7.1.2,  Omega  sys¬ 
tem  time  deviated  by  as  much  a,s  29  microseconds  from  the  UTC  epoch  during  this  period. 

Beginning  in  1976,  Loran-C  timing  equipment  was  installed  at  four  of  the  Omega  transmitting 
sUitiuns:  Norw'ay,  Hawaii,  North  Dakota,  and  .Tapan.  This  equipment  is  u.sed  to  detect  the  signal  from  the 
l,oran-C  station  closest  to  each  of  the  four  Omega  stations  and  compare  its  epoch  with  the  local  on-line 
dock  unit.  Before  being  used  in  the  synchronization  algorithm  processing,  the  Loran-C  timing  data  is 
corrected  for  the  following  etfcct.s; 

•  Deviation  of  the  cliain  master  station  epoch  from  UTC 

•  LCD  (at  ma.stcr  station) 


•  Emission/coding  delay  (if  signal  is  from  a  secondary  station) 

•  Propagation  delay  (including  ASF)  from  Loran-C  station  to  timing  receiver  anten¬ 
na  at  Omega  station 

•  Antenna  factor  180°  phase  shift  (5  fjisec)  for  loop  antenna) 

•  Antenna-to-receiver  cable  delay 

•  Multi-coupler  delay 

•  Receiver  delay 

•  Time  to  standard  zero  crossing  (nominally  30  p.sec). 

Except  for  the  first  conection,  the  above  corrections  are  essentially  fixed  from  week-to-week  so  that 
they  are  lumped  together  as  a  single  correction  term.  The  deviation  of  the  chain  master  station  epoch 
from  UTC  varies  daily  and  is  published  in  the  USNO  Series  4  Bulletin. 

Since  the  combined  accuracy  of  these  corrections  is  within  a  microsecond,  the  four  (northern 
hemisphere)  stations  making  the  Loran-C  measurements  have  been  held  to  UTC  with  an  RMS  error  of 
about  one  microsecond  (Ref.  2).  Before  1985,  however,  it  is  now  believed  that  the  southern  hemisphere 
station  epochs,  which  were  not  externally  referenced,  deviated  from  UTC  by  as  much  as  3  microseconds 
(Ref.  2). 

The  discrepancy  between  the  stations  with  and  without  external  data  sources  can  be  traced  to  the 
PPCs.  The  only  “connection”  between  these  two  types  of  stations  is  through  the  reciprocal  path  mea¬ 
surements.  As  shown  in  Section  7.2. 1 ,  the  reciproca'  p:  .th  measurements  isolate  the  station  pair  synchro¬ 
nization  difference  only  to  wiihin  the  difference  of  the  r'’ciprocal  path  PPC  errors.  Though  small,  these 
errors  are  characterized  as  mostly  biases  (random  component  is  small).  Thus,  they  can  persist  for 
months,  undetected  by  the  internal  synchronization  measurements.  Evidence  for  these  biases  emerged 
during  the  relatively  infrequent  portable  clock  visits  to  the  stations  and,  in  fact,  efforts  were  made  to  cor¬ 
rect  these  PPCs  based  on  concurrent  portable  clock  measurements  at  several  stations.  These  efforts  were 
not  entirely  successful  due  to  the  relatively  short-term  portable  clock  visits. 

More  direct  indications  of  the  biases  between  the  externally  linked  and  internally  linked  stations 
were  obtained  when  GPS  timing  equipment  was  installed  at  all  stations  during  the  period  1985  to  1988. 
Figure  7.3-1  shows  a  plot  of  the  daily  differences  between  UTC  epoch  and  the  Liberia  station  epoch  for 
the  last  three  months  of  1985  (Ref.  2).  The  data  in  the  plot  is  taken  from  measurements  of  Liberia’s 
on-line  clock  unit  relative  to  GPS  (which  is  essentially  aligned  to  UTC).  I  hese  measurements  were  not 
incorporated  into  the  synchronization  algorithm  until  Monday,  4  November  1985,  when  all  measure¬ 
ments  (internal  and  external)  for  the  previous  week  were  processed.  The  weekly  computation  was  per¬ 
formed  on  Tuesday,  5  November,  and  the  corrections  were  issued  later  that  day.  The  next  insertion  time 
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Liberia  -  UTC 


G-37329T 

3-22-94 


Day/Month  of  1905 


Figure  7.3-1  Vari^ion  of  Liberia  Station  On-line  Clock  Epoch  with  Respect 
to  UTC  During  Period  When  Liberia  GPS  Measurements  were 
First  Included  in  Synchronization  Computation 


following  Liberia’s  receipt  of  the  directive  message  was  on  6  November  1985.  The  Liberia  correction 
was  large  (about  -3  microseconds)  and  the  measurements  shown  in  the  figure  reflect  this  correction, 

Figures  7.3-2  and  7,3-3  provide  more  insight  on  the  dynamical  behavior  of  synchronization 
corrections.  These  figures  display  synchronization  data  from  the  period  when  GPS  measurements  from 
the  Argentina  station  were  first  incorporated  into  the  weekly  .synchronization  computation.  Figures 
7.3-2a  and  7,3-2b  show  the  first  eight  states  of  the  system  .synchronization  model,  i.e.,  the  on-line  clock 


’"This  is  opposite  to  the  convention  in  which  epoch  difference  A-B  implies  that  A  starts  a  counter  and 
B  turns  it  off;  in  this  ca.se,  positive  A-B  means  that  A  is  earlier  than  B. 
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Day  after  20  DEC  87 
a)  Omega  System  Time  Relative  to  Ul'C 


Stations 


b)  .Station  Epoch  Relative  to  UTC  for  28  and  29  December  1987 


Figure  7.3-3  Omega  System  Time  and  Station  Epoch  Relative  to  UTC 
for  the  Period  21  December  1987  to  04  January  1988 


unit  at  each  of  the  eight  stations  relative  to  Omega  system  time.  The  .sign  convention  for  the  time  epochs 
is  such  that  positive  value.s  mean  the  station  on-line  clock  unit  is  late  (i.c,,  occurs  at  a  later  and  therefore 
greater  U IC  time  value)  witli  rc.spcct  to  Omega  system  iin.c,* 

The  weekly  computation  was  performed  on  Day  8  of  the  plot,  i.e.,  Monday,  28  December  1987, 
using  new  data  recorded  daily  from  21-28  December  1987.  This  data  did  not  include  GP.S  mcasurc- 
ment.s  from  Argentina,  However,  the  synchronization  computation  on  the  nc.t/ Monday,  4  January  1988, 
did  include  Argentina  GPS  data  recorded  daily  from  28  December  1987  to  4  January  1988.  At  this  time, 
the  .synchronization  algorilhm  "knew"  that  the  on-line  clock  unit  at  the  Argentina  station  was  about 
3  microseconds  late  witli  respect  to  the  U'I'C  epoch  (sec  Pig.  7,3-3b  and  lag.  7.3-4),  Moreover,  this  new 
infonnatitjn  mcaiil  llial  Omega  system  time  was  also  late  with  respect  to  UTC,  but  not  as  late  as  the 
Argentina  station  (.see  Pigs.  7.3-3a  and  7.3-|lb).  Thus,  the  upper  right  panel  of  Pig,  7:3"2b  sliows  the  Arge.n- 
tifia  station  epocli  with  respect  to  UTC  .shifting  from  a  somewhat  negative  value  on  Day  8  to  a  large  positive 
value  on  1  )ay  9,  Note  tliat  diis  docs  not  rellcct  an  actual  chiuigc  in  time  epoch  but  railicr  a  dranuitic  increase 


in  the  accuracy  of  the  information  regarding  the  position  of  the  Argentina  station’s  epoch.  Also  note  that  the 
discrepancy  with  respect  to  Omega  system  time  continued  to  widen  throughout  the  week  up  to  the  weekly 
computation  date,  Day  15  (4  January  1988).  This  happened  because  the  directive  information  (corrections 
and  ACCUMS)  for  that  week  were  the  result  of  calculations  based  on  data  from  the  previous  week  which 
did  not  include  Argentina  GPS  measurements.  Thus,  the  ACCUM  insertions  drove  the  Argentina  on-line 
clock  in  the  direction  (toward  later  times)  that  the  previous  data  indicated. 


The  new  information  regarding  the  Argentina  station  epoch  had  ramifications  throughout  the  sys¬ 
tem  since  knowledge  of  Omega  system  time  had  changed  significantly.  With  respect  to  UTC,  however, 
Figure  7.3-3b  shows  that  little  changed  at  those  stations  (A,  B,  C,  D,  H)  for  which  GPS/Loran-C  external 
measurements  had  been  recursively  processed  by  the  algorithm  over  an  extended  history.  On  4  January 
1988,  the  new  correction/ACCUM  computations  based  on  the  Argentina  GPS  measurements  were 
issued  as  JMSA  directives  and  implemented  by  the  stations  after  this  date.  These  corrections  (and,  to  a 
lesser  degree,  the  ACCUMs)  are  responsible  for  the  dramatic  shift  in  the  Argentina  station  epoch  with 
respect  to  UTC  shown  in  Fig.  7.3-4.  By  May  1988  GPs  measurements  from  all  stations  were  being  used 
in  the  synchronization  computation  and  Omega  system  time  generally  fell  within  0.5  microsecond  of 
UTC  (Ref.  2). 
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Figure  7.3-4  Variation  of  Argentina  Station  On-line  Clock  Epoch  with  Respect 
to  UTC  During  Period  When  Argentina  GPS  Measurements  were 
First  Included  in  Synchronization  Computation 
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7.4  PROBLEMS 


7,4.1  Sample  Problem 

1.  The  following  table  gives  accurate  external  data  on  offsets  of  each  station’s  on-line  clock 
unit  relative  to  UTC  microseconds. 


Station 

6<l>xv  (Itsfc) 

A 

-3.3 

B 

+2.2 

C 

-0.6 

D 

-0.2 

E 

+1.5 

F 

-3.8 

G 

0.7 

H 

-1.1 

a.  What  is  the  offset  of  Omega  system  time  relative  to  UTC? 

b.  What  is  the  offset  of  the  Norway  Station  relative  to  Omega  system  time? 

Answer: 

a.  Eq.  7.2-1 1  shows  that  adding  all  and  dividing  by  8  yields  the  offset  of 
Omega  system  time  relative  to  UTC,  i.e.,  -0.575  microsecond 

b.  From  Eq.  7.2-9,  we  see  that 

“  ^0A£2 

From  the  table  above,  <50 l^sec  and  from  part  (a),  ^0qu  =  -0.575  psec.  Thus, 
d0An  =  -2.725  psec. 


7.4.2  Problems  to  be  Solved  by  Reader 

1.  With  the  data  table  in  Problem  1  of  Section  7.4, 1  and  a  similar  table  for  6/;^,  is  sufficient 
information  available  to  estimate  the  projected  state  vector  and  thereby  issue  directive  mes¬ 
sages?  If  so,  why  are  reciprocal  path  measurements  still  used? 

2.  Suppose  the  synchronization  computation  results  in  the  estimate; 

A 

‘Vbq  ~  -0.32  psec/day 

What  is  the  appropriate  ACCUM  directive  for  Station  B? 
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7.5  ABBREVIATIONS/ACRONYMS 


A 

ACCUM 

AOS 

APR 

ARGE2 

AUSTS 

B 

C 

C++ 

cw 

cec 

CORR 

D 

DEC 

E 

F 

FORTRAN 

G 

GPS 

H 

HAWAI 

IBM-PC 

JAPAN 

JMSA 

kHz 

LIBER 

MAR 

MS-DOS 

NSDAK 

NORWY 

OCT 

ONSCEN 

ONSOD 

Paradox 


Norway 

Accumulative  correction  value  inserted  every  4  hours 
Data  General’s  Advanced  Operating  System 
April 

Argentina’s  station  monitor 
Australia’s  station  monitor 
Liberia  transmitting  station 

Hawaii  transmitting  station;  also  a  programming  language 
An  object-oriented  programming  language 
Continuous  wave 
Centicycle 

Weekly  phase  correction  inserted  into  all  clock  units  at  each  station 

North  Dakota  transmitting  station 

December 

Fast  (referring  to  coordinates);  l  a  Reunion  (referring  to  transmitting  stations) 
Argentina  transmitting  station 

FORmula  TRANslation  code;  an  older  version  was  designated  as  IV,  newer  version  is  77 

Australia  transmitting  station 

Global  Positioning  System 

Japan  transmitting  station 

Hawaii’s  station  monitor 

International  Business  Machines  personal  computer 
Japan’s  station  monitor 
Japan’s  Maritime  Safety  Agency 
Kilohertz 

Liberia’s  station  monitor 
March 

Microsoft  Corporation’s  Disk  Operating  System 
North  Dakota’s  station  monitor 
Norway’s  station  monitor 
October 

Omega  Navigation  System  Center 

Omega  Navigation  System  Operations  Detail 

A  database  management  system  produced  by  Borland 
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PPC 

Propagation  correction 

PRESYNC3 

Input  data  processor  to  SYNC3 

REUNI 

La  Reunion’s  station  monitor 

RMS 

Root-mean-squared 

SEP 

September 

SYNC2 

Name  of  Omega  synchronization  program  used  from  1975  to  1993 

SYNC3 

Name  of  Omega  synclironization  program  used  since  1993;  also  the  name  given  to  the 
computational  engine  of  the  synchronization  program 

UD 

Upper  Diagonal 

USNO 

U.S,  Naval  Observatory 

UT 

Shortened  form  of  UTC 

UTC 

Coordinated  Universal  Time 
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CHAPTERS 

DATA  COLLECTION/ANALYSIS/PROCESSING  PROCEDURES 


Chapter  Overview  —  This  chapter  describes  the  Omega  signal  data  collection  and 
analysis  efforts  that  support  the  mission  of  the  Omega  Navigation  System  Center 
( ONSCEN).  Section  8.1  reviews  the  goals  and  history  of  the  Omega  Signal  Monitoring 
Program  in  terms  of  its  two  components:  the  Long-term  Omega  Monitor  Program  and 
the  Omega  Regional  Validation  Program.  The  network  of  land-based  signal  monitors 
supporting  the  Long-term  Omega  Monitor  Program  is  described  in  Section  8.2. 

Section  8.3  explains  the  procedures  used  at  ONSCEN  for  processing,  analyzing,  and 
storing  the  signal  data  recorded  at  the  network  monitors.  Finally,  Section  8.4  presents 
an  overview  of  the  Omega  Regional  Validation  Program  and  the  individual  regional 
projects  that  make  up  this  program.  Problems,  including  worked-out  examples  and 
those  to  be  attempted  by  the  reader,  are  included  in  Section  8.5.  Abbreviations  and 
acronyms  u.sed  in  the  chapter  are  given  in  Section  8.6  and  references  died  in  the  chapter 
are  found  in  Section  8.7, 

8.1  INTRODUCTION 

8.1.1  Omega  Signal  Monitoring  Program 

Signals  radiated  at  the  cuiTcnt  Omega  frequencies  have  been  received,  recorded,  and  analyzed 
since  well  before  the  Omega  system  was  declared  operational,  These  early  recordings  demonstrated  the 
repeatability  and  usability  of  the  signals  for  navigation  (.see  Chapter  2).  As  Omega  grew  into  an  opera¬ 
tional  system,  signal  monitors  formed  an  integral  part  of  the  system  configuration,  playing  key  roles  in 
signal  performance  evaluation,  station  integrity  checks,  and  system  synchronization. 

In  the  early  i970s,  an  Omega  Signal  Monitoring  Program  was  established  by  the  Omega  Naviga¬ 
tion  System  Operations  Detail  (ONSOD)  with  two  broad  objectives: 

•  Develop  and  maintain  a  worldwide,  long-term  (multi-year)  Omega  signal  data 
collection  activity  using  land-ba.sed  monitors  for  system  performance  evaluation, 

.system  synchronization,  station  signal  specification  integrity,  propagation  correc¬ 
tion  (PPC)  model  calibration,  and  operational  data  analysis 

•  Implement  a  .series  of  short-term  regional  data  collection  activities  using  both  air- 
and  surface-based  monitors  to  supplement  the  worldwide  land-based  monitor  data 
in  vcrifying/validating  Omega  signal  coverage  predictions 

The  program  to  carry  out  the  first  objective  is  referred  to  in  this  chapter  as  the  Long-term  Omega  Monitor 
Program  and  the  corresponding  program  to  implement  the  second  objective  is  termed  the  Omega 
Regional  Validation  Program.  A  time-line  for  the  Omega  Signal  Monitoring  Program,  indicating  major 
.sub-programs  and  other  events,  is  shown  in  Fig.  8.1-1. 
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1950  1960  1970  1980  1990 

Figure  8.1>1  Omega  Signal  Monitoring  Program 
Phases  and  Activities 


True  to  its  name,  the  Long-term  Omega  Monitor  Program  has  continued  from  the  early  1970s  to 
the  present  (1994).  Until  about  1978,  the  program  utilized,  for  the  most  part,  signal  monitor  equipment 
developed  by  or  for  U.S.  Navy  Laboratories.  As  stations  were  constructed  and  brought  on-line  in  the 
mid-1970s,  station  monitors  were  established  at  sites  20  to  50  km  from  the  transmitting  station  antenna. 
These  monitors  were  used  for  testing  initial  signal  transmissions  and  synchronizing  the  signal  epochs  at 
each  station  to  a  common  reference  time.  At  that  time,  the  “non-station”  monitors  were  a  collection  of 
experimental  receivers,  used  for  a  variety  of  special-purpose  applications. 

In  the  late  1 970s,  ONSOD  launched  an  effort  to  develop  a  receiver  system,  specially  designed  to 
monitor  Omega  signals.  The  resulting  units,  built  by  Magnavox  and  designated  as  the  MX  1 104  series, 
serve  as  the  basic  measurement  instrumentation  for  the  modern  long-term  monitoring  program.  Until 
the  late  1 980s,  the  data  was  recorded  with  MFE  cassette  tape  recorders  on  tapes  that  were  mailed  month¬ 
ly  to  ONSOD.  The  monitor  receivers  designed  for  use  at  the  Omega  stations  are  MX  1 104  units  modified 
to  operate  in  the  high  signal  environment  of  the  local  station  and  perform  precise  single-path  timing  mea¬ 
surements.  These  units  include  both  LS  (local  site)  and  MS  (monitor  site)  receiving  systems.  Based  on 
earlier  studies  of  phase  error  models  (Ref.  15),  monitors  were  located  at  sites  spaced  at  intervals  of  about 
1500  km,  corresponding  to  a  correlation  distance  obtained  from  phase  error  measurements.  The  plan/ 
schedule  for  establishing  sites  and  deploying  these  monitors  was  guided  partly  by  the  need  for 
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diversified  data  to  calibrate  the  PPC  model  and  partly  by  the  needs  of  the  Omega  Regional  Validation 
Program.  The  network  of  fixed  monitor  sites  reached  a  maximum  .-^ize  in  the  mid-1980s  and  the.  decline 
in  subsequent  years  stemmed  from  a  need  to  consolidate  existing  data  (in  prepiiration  for  a  re-calibration 
of  the  PPC  model)  and  the  completion  of  the  regional  validation  program.  Since  the  latter  1980s,  a  re¬ 
duced  monitor  network  of  approximately  20  to  25  sites  has  operated  to  support  system  synchronization 
and  performance  evaluation  through  operational  data  analysis. 

8.1.2  Long-term  Omega  Monitor  Program  —  Data  Acquisition 

The  network  of  fixed  Omega  monitors  consists  of  receiving  syste.ms  whose  measurement  data 
serve  two  broad  purposes.  The  two  purposes  are  uniquely  identified  with  the  following  two  types  of 
monitor  sites: 

•  Station  monitors  (in  the  vicinity  of  a  transmitting  station)  supplying  information  used 
for  system  synchronization  and  performance  evaluation/operational  data  analysis 

•  Remote  monitors  (distant  from  any  transmitting  station)  providing  data  used  for 
■system  validation  and  PPC  model  calibration/refinement. 

Whereas  the  station  monitors  form  a  generally  fixed  network  (although  the  sites  ai'e  occasionally  relo¬ 
cated  by  no  more  than  a  few  tens  of  kilometers),  the  remote  monitor  site  configuration  changes  in 
response  to  PPC  model  calibration  or  validation  program  needs.  Figure  8. 1  -2(a)  illustrates  the  network 
of  56  fixed  monitor  sites  (filled  circles)  that  existed  at  the  peak  oi  the  Ma  llu4  Monitor  Deployment 
Program  (see  Fig.  8.1-1).  These  sites  include  both  the  station  monitors  and  remote  monitors  used  to  sup¬ 
port  earlier  validation/model  calibration  efforts.  In  most  cases,  a  s.ite  established  to  support  a  regional 
validation  project  can  also  be  used  as  a  data  source  for  subsequent  PPC  calibration  work.  When  a 
regional  validation  project  is  completed  and  the  focus  shifts  to  another  region,  the  previous  site  may  be 
retained,  if  its  data  is  deemed  critical  for  PPC  model  calibration  or  system  performance  evaluation.  For 
example,  the  monitor  site  in  Tahiti  was  established  to  support  the  South  Pacific  validation  effort  but, 
because  it  was  set  up  in  the  absolute  synchronized  mode  of  operation  and  is  well  separated  from  other 
remote  monitor  sites,  it  was  retained  to  monitor  and  evaluate  system  performance  for  several  more  years 
following  the  validation  tests  in  the  South  Pacific. 

After  the  last  regional  validation  project  (Mediterranean),  the  monitor  network  was  reduced  in 
size  and  scope  to  reflect  the  needs  of  a  mature  system,  i.e.,  inter-station  synchronization  data  reporting 
and  operational  data  analysis,  with  less  emphasis  on  PPC  model  calibration  and  signal  coverage  valida¬ 
tion.  To  satisfy  these  needs,  the  station  monitors  became  the  “nucleus”  of  the  reduced  monitor  network, 


a)  Remote  Monitor  Network  — 1987 
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b)  Reduced  Monitor  Network  — 1993 

Figure  8.1-2  Omega  Monitor  Network  Sites 


which  is  supplemented  by  additional  monitors.  Because  of  their  unique  location  or  accessible  time/ 
frequency  support  equipment,  these  additional  monitors  provide  data  that  serves  as  a  sensitive  indicator 
of  system  operational  perfoimancc.  Figure  8.1 -2(b)  illustrates  the  22  site  locations  (triangles)  for  the 
reduced  monitor  network  as  of  June  1992. 

The  signal  data  measured  by  the  MX  1 1 04  monitor  is  recorded  on  a  disk  recorder  collocated  with 
the  monitor.  This  data  includes  signal  phase  and  signal  quality  number  (related  to  signal-to-noise  ratio 
(SNR))  at  the  three  Omega  frequencies  of  10.2, 1 1 V3  and  13.6  kHz.  Ancillary  data,  such  as  error  codes 
and  time  constants  is  also  included  with  the  signal  data.  Normally,  the  data  is  recorded  every  hour  on  the 
hour,  although  occasionally  it  is  recorded  more  frequently.  A  block  format,  providing  .signal  phase  and 
quality  number  for  all  eight  stations  and  tliree  frequencies,  is  used  for  the  recorded  data.  A  month’s 
worth  of  data  that  has  been  recorded  hourly  is  collected  on  diskette  and  mailed  to  ONSCEN. 

Upon  receipt  by  ONSCEN,  the  data  blocks  are  validated,  edited,  re-formatted,  combined  with 
other  blocks,  and  stored  as  sketched  in  Fig.  8.1-3.  Diagnostic  procedures  are  applied  to  validate  the  data, 
including  immediate  checks  regarding  block  header  information  and  later  checks  involving  plots  of  the 
processed  data.  Data  block  editing  may  occur  in  the  re-formatting  procedures,  although  the  data  values 
themselves  are  not  altered.  The  data  is  formatted  and  stored  so  as  to  be  accessible  to  PPC  model  calibra¬ 
tion  routines  and  operational  data  analysis. 

The  procedures  for  handling  data  used  to  support  system  synchronization  are  somewhat  differ¬ 
ent.  At  each  station,  10.2  and  13.6  kHz  phase  data  on  selected  paths  at  designated  “control”  times  (see 
Chapter  7)  are  read  from  the  monitor  display  (measured  at  the  MS  unit)  and  sent  via  message  to  Japan’s 
Maritime  Safety  Agency  (MSA)  and  ONSCEN.  As  explained  in  more  detail  in  Chapter  7,  this  data  helps 
to  determine  the  relative  phase  offset  of  the  received  station  signals.  The  data  recorded  on  disk  at  each 
station  monitor  has  the  same  format  as  that  for  the  remote  monitors.  Figure  8.1-3  illustrates  the  data  flow 
for  both  the  station  monitors,  which  provide  data  to  support  both  system  synchronization  and  non  -opera¬ 
tional  objectives,  and  the  remote  monitors,  which  support  only  non-operational  requirements. 

8.1.3  Long-term  Omega  Monitor  Program  —  Data  Analysis 

The  data  analysis  conducted  as  part  of  the  Long-term  Omega  Monitor  Program  is,  of  course,  tied 
directly  to  program  objectives  and  goals.  As  discussed  in  Section  8.1.1  and  indicated  in  Figure  8 . 1  - 1 ,  the 
principal  program  objectives  in  the  “post-validation”  period  are  to  support  both  system  synchronization 
and  performance  evaluation.  Performance  evaluation  is  mainly  accomplished  through  operational  data 
analysis  but  the  evaluation  results  sometimes  indicate  the  need  to  re-evaluate  and  re-calibrate  the  current 
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PPC  model,  This  need  is  shown  in  Fig.  8,1-3  in  terms  of  remote  monitor  data  that  is  used  to  support  PPC 
model  evaluation/calibration  efforts  as  well  as  operational  data  analysis. 

The  particular  type  of  monitor  data  required  to  support  PPC  model  calibration  is  mostly  phase, 
although  quality  number/SNR  data  is  required  for  identification/rejection  of  anomalous  data,  Both 
phase  data  (from  monitors  whose  phase  reference  is  very  precise)  and  phase  difference  data  (from  moni¬ 
tors  whose  phase  reference  is  relatively  imprecise)  may  be  used  for  model  calibration.  Before  applying 
the  model  calibration  procedure,  the  data  is  screened  to  eliminate  suspected  anomalies,  i.e.,  those  with 
Lillie  profile  signatures  characteristic  of  modal  interference  (substantial  presence  of  higher-order  modes; 
see  Chapter  5),  long-path  (signal  arriving  via  the  longer  of  the  two  great-circle  arcs  connecting  a  station 
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and  receiver),  low  SNR,  etc.  The  data  is  then  down-sampled  since  the  model  cannot  be  simultaneously 
calibrated  over  all  measurements  (which  amount  to  at  least  several  hundred  thousand).  Finally,  the  data 
is  laned,  i.e.,  assigned  the  estimated  whole  cycle  value  for  the  particular  measurement.  The  resulting 
data  is  then  used  to  calibrate  the  linear  PPC  model  coefficients.  Certain  non-linear  parameters  intrinsic 
to  the  PPC  model  are  determined  from  continuous  data  usually  obtained  from  strip  chart  recordings  at 
the  station  monitors. 

Virtually  ail  hourly  data  recorded  at  both  station  and  remote  monitors  is  used  in  operational  data 
analysis  (ODA).  The  basic  idea  is  to  provide  a  time  profile  of  phase  and  SNR  data  serving  as  a  reference 
to  validate  newly  acquired,  data,  diagnose  monitor  equipment  problems,  investigate  user-reported  anom¬ 
alies,  and  evaluate  system  performance.  Prior  to  entry  into  the  reference  database,  the  rav/  data  is  re-for¬ 
matted,  edited,  and  laned.  The  reference  information  includes,  for  each  monitor  site,  plots  and  statistics 
for  the  average  diurnal  phase  and  SNR  profiles  over  each  month  at  frequencies  of  10.2,  i  1 V3,  and  1 3.6 
ItHz.  Predicted  phase,  computed  using  the  most  recent  PPC  model,  is  also  included  in  the  reference  in¬ 
formation.  With  this  comprehensive  infonnation  on  the  Omega  monitor  sites,  operational  data  analysis 
can  be  applied  to  determine  the  extent  of  degraded  signal  behavior,  e.g.,  month-hour  combinations  for 
which  signal  •;  exhibit  modal  interference,  long-path  dominance,  or  low  SNR,  as  well  as  the  relative  de¬ 
gree  of  position  error. 

8.1.4  Regional  Validation  Program 

In  general,  the  validation  of  Omega  system  performance  in  a  given  region  consi.sts  of  confirming 
or  modifying,  if  necessary,  predicted  signal  coverage,  system  availability,  and  position  accuracy  in  the 
region.  To  test  the  accuracy  of  the  system  predictions,  various  types  of  measurement  data  are  required 
including  signal  amplitude,  signal  phase,  electromagnetic  noise,  and  phase/position  accuracy  at  most  of 
the  common  Omega  frequencies.  To  determine  the  appropriate  coverage  information,  measuiement.s 
are  made  using  Omega  monitor  receivers  on  a  mix  of  fixed  and  mobile  platforms.  Some  signal  coverage 
parameters,  such  as  SNR,  are  equally  well  determined  at  either  fixed  or  mobile  monitors,  while  others, 
such  as  modal  interference,  can  be  unambiguously  determined  only  from  recordings  on  rapidly  moving 
platforms,  i.e.,  aircraft. 

The  validation  regions  aie  typically  ocean  areas  including  portions  of  sunounding  land  masses 
encompassing  some  50  to  75  million  square  kilometers.  The  enormous  size  of  these  regions  together 
with  the  need  to  measure  the  signals  from  eight  stations  at  four  common  frequencies  o  ver  24  hours  dur¬ 
ing  all  months  of  the  yeai’  greatly  constrains  the  scope  of  any  experimental  program  with  limited  re¬ 
sources.  Thus,  the  validation  projects  focused  on  locations,  signals,  and  times  that  were  expected  to  be 
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critical,  in  the  sense  of  marginal  coverage,  availability,  or  position  accuracy.  Where  po:  ihlc,  measure¬ 
ments  were  also  made  under  conditions  in  which  the  model  predictions  arc  expected  to  be  weak,  het  ause 
of  either  necessaiy  model  simplifications  or  uncertain  geophysical  parameters, 


The  validation  program  was  carried  out  region  by  region  over  a  M-ycar  period  from  1977  to 
199 1 ,  as  indicated  in  Table  8,1-1.  During  this  period,  the  project  goals,  approach,  methods,  and  measure¬ 
ment  technology  evolved  considerably.  When  the  program  was  initiated  in  1977,  the  immediate  objec¬ 
tive  was  to  determine  whether  Omega  would  serve  as  a  suitable  replacement  for  Loran-A  (whose 
phaseout  was  being  considered)  in  the  western  Pacific  Ocean  area,  Later,  the  program  objectives  were 
generalized  to  include  testing  the  predictions  of  the  model-based  coverage  diagrams,  In  particular,  it 
was  recognized  that  the  coverage  parameter  describing  modal  interference  could  not  be  determined  from 
fixed  monitor  sites  (since  its  effects  can  mimic  those  of  high  noise  conditions)  so  that  the  predictions  of 
moda.  interference  could  only  be  tested  with  measurements  on  airborne  platforms  used  in  the  regional 
validation  projects.  Thus,  the  later  validation  projects  emphasized  airborne  measurements  along  radial 
paths  from  stations  whose  signals  weie  expected  to  exhibit  modal  interference  for  certain  hours  of  the 
day.  Validation  of  modal  interference  (MI)  predictions  is  faciliiaicd  by  the  relative  inscnsiliviiy  of  MI  to 
time  of  year,  i  .e.,  month  (although  it  does  depend  strongly  on  time  of  day)  fio  that  the  measurements  could 
adequately  test  for  modal  predictions  over  the  typical  project  span  of  a  few  weeks. 

Tabic  8.1-1  Omega  Regional  Validation  Projects 


PROJECT/REGION 

TIME  PERIOD* 

Western  Pacific  Ocean  —  1 

1975-1978 

Vvostern  Pacific  Ocean  — 11"^ 

1986-1990 

Noilh  Atlantic  Ocean 

19V 8-1 980 

North  Pacific  Ocean 

1977-1081 

South  Atlantic  Ocean 

1900-1983 

Indian  Ocean 

1 983-1 9B7 

South  Pacific  Ocean 

1985-1987 

Mediterranean  Sea 

1967-1091 

*  From  beginning  of  .short-term  data  collection  to  final  documentation. 

^  The  second  ptiase  extended  work  done  during  the  first  phase  by  including  validailon  of 
Omega  Australia  signal  behavior  as  well  ss  measuromoni/analyniR  uf  modal  lri‘erloronct> 
and  lony-path  propagation  on  all  signals  In  the  region, 


Measurement  data  for  the  validation  projects  were  obtained  using  a  variety  of  equipment  and 
platforms.  The  platforms  included  both  short-term  (a  few  days  to  several  weeks)  and  long-term  ground 
sites,  shipboard  installations,  and  dedicated  aircraft.  As  part  of  the  Long-term  Omega  Monitor  Program, 
the  long-term  monitor  sites  were  usually  established  with  the  dual  purposes  of  supporting  the  validation 
project  for  tlie  region  in  which  the  monitor  was  located  and  providing  new  data  for  PPC  model  calibra¬ 
tion.  The  equipment  used  in  the  validation  program  varied  from  project  to  project  but  generally  con- 
si.dcfl  of  MX  1104  receivers  (ground  sites),  MX  1 105  receivers  (shipbornc  unit.*)i  specially  configured 
receiver  systems  for  ilie  aircraft  test  bed,  Cesium  standards  (for  stable  time  rc(crencc),  and  suppoiting 
navigation  equipment  used  as  a  position  reference  for  both  air  and  marine  craft, 

'J'he  analysis  for  each  region  was  typically  carried  out  by  first  synthc.sizing  the  data  Irom  the  vari¬ 
ous  platforms  and  receivers  that  were  located  in  comnton  geogiaptiic  regions/cclls  and  recording  the 
satne  station  signals  at  appioximatcly  the  same  time,  'I'hc  data  was  extensively  processed  and  compared 
with  prcdifiions  from  theoretical  mudcls,  During  the  coordinated  tests,  when  all  I'eccivcrs/plal forint 
were  concurrently  opeiating.  ground  site  data  was  often  collected  at  6-minutc  intervals,  rather  than  hour- 
jy.  This  permitted  dctcclion  (»f  icmpoi  ally  anomalous  events,  such  as  sudden  phase  anomalies  (SPAs), 
and  lane  slips  due  to  quasi-parallel  path-terminator  conditions, 

As  cacli  regional  validation  piojeci  was  completed,  a  linal  report  was  published  describing  the  data 
collection  clfoti  imd  a  summary  of  the  sydem  performance  in  the  regit'n  including  any  variaiiccs  from  the 
standard  predictions  (sec  Kefs,  2  ihiough '-)) ,  In  addition  to  analysis  of  the  ciucfully  controlled  test  data,  the 
document  included  upcraiional  reports  from  both  marine  and  air  users  verify  the  ojKi  allonul  capabilities 
implied  by  the  test  results,  In  most  cases,  approval  of  the  final  icpori  v/as  followed  by  a  brief  note  in  the 
I'cderal  Kcgislcr  that  the  designated  legiun  had  undergone  validatiun  and  was  "declared  upcralioiui!  for 
Omega  navigatiun,"  In  this  way,  the  validation  program  bcciiinc  a  vehicle  lo  c.xlemJ  sicp  hy-sicp  the 
system’s  ofiiciully  declared  operational  aica. 


«.2  LONtM  J;KM  OMLOA  SIGNAL  MONHOKS 


8,2.)  ObJectivcN 


l  or  purposes  o)  ..lesciiption,  the  icrni  ‘'loni-ierin  Omega  signal  monitui'"  icicrs  collectively  to 
the  sijuui)  moiiitor  equipment,  the  fixed  ground  site  luciilion/l'aciliiy,  and  llie  iccoided  data  iissuciutcd 
vyjlh  0  i'll  1 1  of  the  iiisliillatioiis  csmiributiiig  lolln;  l.oiig-leim  Oiucga  Mouitui  I’rogiain,  la  co/itiasl  lo  tliv 


shorter-term  goals  of  the  Regional  Validation  Program  monitors,  the  objectives  of  these  long-term  moni¬ 
tors  arc  to  provide  signal  data  to  support; 

•  r<valuationytracking  of  transmitting  station  performance 

•  System  synchronization 

•  PPC  model  calibraiion/rcrincmcnt 

•  Assessment  of  Omega  signal  c  overage  and  accuracy, 

The  first  two  objectives  of  the  long-term  nionitors  listed  ate  operational  in  nature  and  will  prob¬ 
ably  remain  as  objectives  ibrnughout  the  lilciimc  of  the  Omega  Monitor  Program.  The  last  two  objec¬ 
tives  support  long-term  programs  to  improve  Omega  accuracy  (throush  improved  phase  j'rcdiction)  and 
signal  coverage  specification;  the  coulinucd  need  for  these  jirograms  is  periodically  evaluated  by  the 
Omega  Navigation  System  Center, 


8.2.2  IliNtorlciil  Development 

'J  he  1%6  Omega  Implcmcntalion  Committer  Report  (sec  Chapter  2)  recommended  placement 
of  Omega  signal  monitor  sites  at  transmitting  stations  to  determine  synchronization  offsets.  In  the  late 
IhOOs  and  early  1  V70s,  tnonitors  not  co-locatcd  at  transmitting  £talion.»  were  used  for  research  purpo.sc!, 
including  dctcr/ninalion  of  signal  structure  and  ionospheric  purumeters,  and  utilization  procedures  for 
navigation,  Later,  us  transmitting  stations  came  on  line,  these  rnuidiors  were  used  to  verify  that  suffiricnl 
signal  c'oniblnuiions  were  available  to  declare  the  Omega  Navigation  System  opcrationrl  within  spccit'ic 
regions,  The  station  monitors  served  the  duu)  purpose  of  Omega  system  pcrforniimcc  monitoring  and 
transmitter  ,syri(:hror!izutjon, 


In  plunnlng  the  deployment  of  the  non-station  monilojs,  an  importatitcoiisidci  faion  i.s  the  ideal 
rtepiiratinnof  the  monitor  sites,  Limited  ivvourccscleaiiy  constrain  liie  lower  limit  on  site  separation,  hut 
liilcrsilc  distances  ih/it  arc  too  large  jirccludc  a  globtil  chiuacteri/.ution  of  f/ignul  bcliuvior  A  quaiuitativc 
tusis  for  site  separation  was  (.ought  which  could  be  modified  by  logistical,  political,  and  ccononJual 
consider/jiiuns,  Th:  prime  consideration  for  selecting  a  quanlilutivc  bautr,,  or  model,  tvi.s  the  phase  error 
resuhlng  fiom  use  of  the  PPCs,  Thus,  the  ideal  spatial  distribution  of  monitor  sitcy.  v/ar,  bared  on  the 
lipiiiial  cuirelutloi)  ol  phase  jaedictlon  errors,  I'hasc  prediction  error  data  from  esisting  monitor  sites 
having  a  range  of  intersite  distune  es  were  used  to  dcicrminc  a  correlation  *V;iiioff’  distance  (usually  re- 
Iciied  to  IIS.  simply,  conclation  distance),  'riic  coircliition  distance,  wjiich  is  independent  of  direction 


liom  the  inunltoj  site,  ihus  (Jclincs  the  radius  of  u  circle  surrounding  each  monitor  .site  as  ilUistrutcd  in 
Mg.  8,2-1 ,  According  to  (lie  coiTclatioM  model,  points  Inside  each  circle  would  yield  phase  emrrs  which 


arc  icasomibly  wc.'l  coricl  ilcd  wiPi  tho.'ic  of  the  monitor  aitc,  ni  ilic  center  of  llic  circle, 


blO 


lO’W  10''E  30’E  50’E  70"E  90‘’E  110“E  130°E  150"E 

Figure  8.2-1.  Example  Monitor  Site  Spacing  and 
Signal  CoiTclation  Distance 

To  determine  a  set  of  monitor  sites  for  a  region,  circles  (witb  radius  equal  to  a  conclation  dis¬ 
tance)  arc  drawn  about  initial  points  in  the  region  and  then  “shuffled”  until  the  total  overlap  and  uncov¬ 
ered  region  is  niinimi/.cd.  Within  each  circle,  several  candidate  monitor  sites  are  selected  based  on 
logistical/politicai  considerations,  amount  and  quality  of  probable  technical  support,  estimated  degree 
of  electromagnetic  interference,  and  projected  costs.  Subsequent  negotiations  with  host  nation  govern¬ 
ment  officials  and  private  parlies  determine,  the  actual  location  of  the  site,  duration  of  the  monitoring, 
data  sharing  arrangements,  etc.  Figure  8.2-1  illustrates  application  of  the  method  to  the  Indian  Ocean 
region  (focusing  on  major  trade  routes)  using  a  correlation  distance  of  750  nm  (1389  km).  Circles  are 
centered  on  probable  .site  locations. 

Implementation  of  the  monitor  plan  proceeded  slowly  throughout  the  1970s,  primarily  because 
of  ,1  scarcity  of  operadonal  monitoring  equipment,  a  lack  of  uniformity  among  the  available  monitor 
equipment,  and  data  recording  in  the  form  of  strip  charts,  thus  requiring  time-consuming,  labor-inten¬ 
sive  manual  data  entry  for  subsequent  processing.  Ju.st  prior  to  the  introduction  of  the  “standai'd”  moni¬ 
tor  receiver  (described  bclov/),  long-term  Omega  monitors,  consisting  of  equipment  from  a  variety  of 
DiaiHii’aclurcf.s,  numbered  about  twenty. 
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Magnavox  Advanced  Products  and  Systems  Company  was  contracted  by  the  U.S.  Coast  Guard 
to  develop  an  Omega  receiving  system  to  accurately  measure  phase  without  performing  any  of  the  usual 
navigation  functions.  The  result  was  the  MX  1104  monitor  receiver  which  detects  signal  phase  on  three 
frequencies  (10,2,  IIV3,  and  13.6  kHz)  and  provides  an  estimate  of  “single-path”  signal  phase.  The 
MX  1104  also  outputs  data  in  a  phase-difference  format.  As  a  replacement  for  the  earlier  hodge-podge 
of  equipment,  the  MX  1104  served  as  a  common  sensor  for  monitoring  and  permitted  compilation  of  a 
unifonn  and  consistent  database.  Following  acquisition  and  deployment  of  the  MX  1 104  receiver,  the 
network  of  Omega  monitors  expanded  until  the  mid  1980s,  when  a  total  of  56  monitor  sites  including 
eight  station  monitor  sites  were  operational  (see  Table  8.2-1  and  Fig.  8.1 -2(a)). 

As  the  collection  of  phase  and  phase-difference  recordings  (referred  to  historically  as  the  MAS- 
TERFILE)  became  dominated  by  the  more  consistent  MX  1104  data,  the  resulting  database  could  be 
reliably  used  for  its  intended  applications.  In  the  late  1970s,  the  most  important  of  these  applications  was 
the  calibration  of  the  propagation  correction  (PPC)  model.  The  PPG  model  is  a  semi-empirical  phase 
prediction  model  based  on  both  theory,  which  provides  the  analytical  structure,  and  observed  data, 
which  ties  the  model  to  precise  numerical  values  at  known  positions  and  measurement  times.  The  PPC 
model  structure  was  developed  by  a  Naval  Electronics  Laboratory  Center  (NELC;  now  called  Naval 
Command,  Control,  and  Ocean  Surveillance  Center  or  NCCOSC)  group  headed  by  E.  Swanson 
(Ref.  11).  Aversionofthemodelwascalibratedatfrequenciesof  10.2,  llV3,and  13. 6  kHz  in  about  1971 
using  data  mostly  from  measurements  made  in  the  1960s  (Ref.  12).  By  1980,  a  sufficiently  diverse 
amount  of  historical  and  recent  (MX  1104)  data  had  been  assembled  to  perform  a  re-calibration  of  the 
earlier  model,  which  had  been  slightly  revised.  The  data  consisted  primarily  of  phase  difference  data  on 
signals  at  the  three  principal  frequencies  from  the  existing  Omega  stations  (as  well  as  from  earlier,  exper¬ 
imental  stations),  but  excluding  the  Australia  station,  which  was  not  yet  on-air.  The  model  calibrated 
with  this  data  (known  as  the  1980  PPC  Model)  has  been  widely  used  in  constructing  published  PPC 
tables  as  well  as  for  algorithms  utilized  in  Omega  receiver/processor  software  (Ref.  13). 

Following  the  1980  PPC  Model  calibration,  the  Long-tenn  Omega  Monitor  Program  continued 
to  acquire  data  in  support  of  PPC  model  development  and  calibration,  but  other  applications  also  began 
to  make  increasing  use  of  the  data.  The  regional  validation  program,  which  began  in  1977,  generally 
relied  on  aircraft  measurements  and  short-term  monitoring  using  both  land-based  and  marine  platforms 
to  validate  predictions  in  the  region  of  interest.  Beginning  around  1 980,  data  from  monitor  sites  near  and 
within  the  validation  region  of  interest  were  included  in  the  overall  analysis  and  interpretation  effort. 
The  long-term  Omega  monitor  data  analyzed  included  SNR,  for  comparison  with  coverage  predictions. 
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Table  8.2-1  Omega  Monitor  Network  Sites:  January  1987 


MONITOR 

SITE 

LOCATION 

MONITOR 

SITE 

LOCATION 

ANCHO 

Anchorage,  Alaska,  U.S. 

KHART 

Khartoum,  Sudan 

AREQU 

Arequipa,  Peru 

KURE2 

Kure  Island  (U.S.) 

ARGEN 

Trelew,  Argentina 

LEWIS 

Butt  of  Lewis,  U.K. 

ASCEN 

Ascension  Island  (U.K.) 

LIBER 

Breweivllle,  Liberia 

ATEX$ 

Austin,  Texas,  U.S. 

MARCU 

Marcus  Island  (Japan) 

ATTU$ 

Attu,  Alaska,  U.S. 

MCMD$ 

McMurdo,  Antarctica  (U.S.) 

AUST$ 

Carrajung,  Australia 

MOMB2 

Mombasa,  Kenya 

BAHR2 

Manama,  Bahrain 

NEASM 

Nea  Makri,  Greece 

BELEM 

Belem,  Brazil 

NEWZS 

Lower  Hutt,  New  Zealand 

BERM2 

Bermuda  (U.K.) 

N$DAK 

Dickey,  North  Dakota,  U.S. 

BORIN 

Borinquen,  Puerto  Rico,  U.S, 

NORWY 

Hestmannen,  Norway 

BRISB 

Brisbane,  Australia 

NOSC4 

San  Diego,  California,  U.S. 

BUEN2 

Buenos  Aires,  Argentina 

PERTH 

Perth,  Australia 

COCOS 

Cocos  Islands  (Australia) 

PRETO 

Pretoria,  South  Africa 

CUBI$ 

Cubi  Point,  Philippines 

RECIF 

Recife,  Brazil 

DARWI 

Darwin,  Australia 

RE502 

Resolute  Bay,  Canada 

DIEGO 

Diego  Garcia  (U.K.) 

REUNI 

La  Reunion  Island  (France) 

EASTS 

Easter  Island  (Chile) 

RIO$3 

Rio  de  Janiero,  Brazil 

FAIRB 

Fairbanks,  Alaska,  U.S. 

SAM02 

Pago  Pago,  American  Samoa 

FARN2 

Slough,  U.K. 

SANTI 

Santiago,  Chile 

FROBI 

Frobisher  Bay,  Canada 

SARD2 

Sardinia  (Italy) 

GIBRA 

Gibraltar  (U.K.) 

SINGA 

Singapore 

GRAND 

Rio  Grande,  Argentina 

SRIL$ 

Colombo,  Sri  Lanka 

GUADA 

Honiara,  Guadalcanal,  Solomon  Is. 

ST$HE 

St.  Helena  Island  (U.K.) 

HAWAI 

Wahiawa,  Hawaii,  U.K. 

TAHIT 

Tahiti  (France) 

HOKKA 

Hokkaido,  Japan 

TOUL$ 

Toulon,  France 

INUV2 

Inuvik,  Canada 

WASDC 

Washington,  DC,  U.S. 

JAPAN 

Tsushima,  Japan 

YAP$$ 

Yap,  Western  Caroline  Island  (U.S.) 

8-13 


and  phase/phasc-diffcrcncc,  whose  diurnal  behavior  yields  clues  regarding  the  presence  of  modal  inter¬ 
ference  and  long-path  signal  propagation.  This  data  quickly  became  an  integral  part  of  the  regional  val¬ 
idation  data  collection  effort  and,  later,  the  selection  of  new  deployment  regions  for  the  long-term 
monitors  were  based  on  the  regional  validation  schedule.  Following  the  commencement  of  operations  at 
Omega  Australia  in  1982,  the  monitored  data  for  this  signal  was  rapidly  processed  and  analyzed  to  deter¬ 
mine  its  time-dependent  navigation  utility  in  various  parts  of  the  world. 

After  reaching  its  peak  size  in  the  mid-1980s,  the  network  of  Omega  monitors  began  to  be  scaled 
back  in  the  late  1 980s,  This  was  partly  due  to  a  reduction  in  the  scope  of  both  the  PPC  model  calibration 
database  compilation  and  the  regional  validation  program.  Two  important  contributing  factors,  howev¬ 
er,  were  that  the  buildup  of  measurement  data  began  to  exceed  the  capacity  of  the  designated  processing 
system  and  (partly  because  of  the  data  overload)  equipment  failures  were  frequently  not  detected  for 
extended  periods  of  time,  Thus,  the  long-term  Omega  monitor  program  in  the  late  1980s  became  fo¬ 
cused  on  fewer  sitc.s  with  highcr  quality  data  that  was  more  rapidly  processed.  At  monitor  sites  where 
precise  UT  time  was  available,  exact  singlC'  path  phase  errors  could  be  computed,  leading  to  better  esti¬ 
mates  of  Omcg.'i  position  accutacy.  The  operational  objectives,  including  system  synchronization,  PCD 
detection,  and  system  performance  evaluation  were  also  rc-ernphasized.  As  of  June  1993,  the  Omega 
monitor  network  comprised  a  total  of  22  sites  (sec  Tabic  8.2-2  and  Fig,  8.1 -2(b)), 


Table  8.2-2  Omega  Monitor  Network  Site.s:  June  1993 


MONITOR 

SITE 

LOCATION 

MONITOR 

SITE 

LOCATION 

ALEXD 

Alexandria.  Virginia 

LIBER 

Monrovia,  Libr'ria 

AREQU 

Arequipa,  Peru 

MCMDS 

McMurdo,  Antarctica 

ARGE2 

El  Tehuolche,  Argentina 

N$DAK 

Dickey,  North  Dakota 

AUST$ 

Carrajung,  Victoria,  Australia 

NEWZ$ 

Wellinglon,  New  Zealand 

BUEN2 

Buenos  Aires,  Argentina 

NORWY 

Utskarpen,  Norway 

COCOS 

Cocos  Island,  Australia 

NOSC4 

San  Diego,  California 

HAWAI 

Wahlawa,  Oahu,  Hawaii 

PR  ETC 

Pretoria,  South  Africa 

HOKKA 

Hokkaido,  Japan 

REUNI 

Riviere  des  Plules,  La  Reunion 

INUV2 

Inuvik,  NWT,  Canada 

Tahiti,  French  Polynesia 

JAPAN 

OzakI,  Tsushima  Island,  Japan 

Toulon,  France 

LEWIS 

Butt  of  Lewis,  U.K, 

USNO$ 

USNO,  Washington,  DC 
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8.2.3  Omega  Monitor  Modes  and  Data  Types 

Currently,  the  Long-term  Omega  Monitor  Network  comprises  MX  1 104  receiver  systems,  each 
of  which  consist  of  a  receiver/processor  unit,  an  antenna  coupler  unit,  and  a  disk  recorder  unit.  A  crucial 
part  of  the  receiving  system  is  the  reference  oscillator,  or  clock,  associated  with  the  receiver/processor 
unit.  The  accuracy  (stability)  of  the  clock  (oscillator)  defines  the  mode  of  monitor  and  the  type  of  data  ob¬ 
tained.  The  reference  oscillator  internal  to  the  MX  1 104  has  relatively  low  stability,  but  external  oscillators 
of  liigher  precision  are  easily  attached  to  the  MX  1104,  effectively  bypassing  the  internal  oscillator. 

The  three  basic  monitor  modes/types  are  listed  in  Table  8,2-3.  Although  mode  and  type  are  used 
synonymously,  “mode”  generally  characterizes  the  stability  of  the  reference  oscillator,  whereas  “type” 
(numbered  1 , 2,  or  3)  usually  refers  to  the  resulting  data  (see  Chapter  9,  Section  9.4.2).  Note  that  the  table 
contains  headings  for  both  frequency  and  time  references.  For  Types  2  and  3,  the  distinction  is  imnriateri- 
al,  but  for  Type  1  data,  the  clock  employed  by  tii*..  receiver  in  making  the  measurement  must  not  only  be 
stable,  but  synchronized  to  UTC.  The  three  types  of  data  are  defined  as  follows: 

Type  1  —  Phase  data  referenced  to  a  highly  stable  clock  (such  as  a  Cesium  frequency 
standard)  and  phase/time-synchronized  to  the  Omega  station  signals 

Type  2  —  Phase  data  referenced  to  a  highly  stable  clock  (such  as  a  Cesium  frequency 
standard) 

Type  3 — Phase  difference  data,  i.e.,  differences  in  signal  phase  between  pairs  of  station 
signals  accessible  to  the  receiving  .system 

Type  1  data  is  available  at  only  a  relatively  few  sites  where  external  equipment,  such  as  a  cesium  frequen¬ 
cy  standard  or  a  satellite  timing  receivers,  are  available  to  maintain  phase  coherence  and  accurate  time 
reference.  Phase/time  synchronization  can  be  maintained  through  external  means  because  the  signal 
waveform  transmitted  by  each  Omega  station  is  synchronized  (approximately)  to  Coordinated  Univer¬ 
sal  Time  (UTC),  which  serves  as  a  reference  for  most  high-precision  standards  and  navigation  satellites. 
This  type  of  data  is  the  only  source  of  phase  error  (observed  phase — predicted  phase)  information  over  a 
single  station-to-receiver  path.  Type  2  data,  which  is  somewhat  more  common  than  Type  1  data,  permits 
analysis  of  single  path  diurnal  phase  behavior  (since  it  is  referenced  to  a  stable  source),  but  not  single 
station  phase  error.  T^pe  3  data  results  when  no  high-stability  reference  (1  part  in  10'^  or  better)  is 
coupled  with  the  receiver/processor  so  that  only  phase-difference  measurements  are  meaningful. 
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Table  8.2*3  Omega  Monitor  Modes/iypes 


MODE 

FREQUENCY  REFERENCE 

TIME  REFERENCE 

(TYPE) 

DEVICE 

STABILITY 

EPOCH 

UNCERTAINTY 

(1)  Absolute 

Cesium* 

<10-12 

UTC 

-  1  microsecond 

(2)  High-Stability 
Reference 

Cesium* 

<10-12 

(none) 

(3)  Low-Stability 
Reference 

Crystal 

<  10-7 

(none) 

*  The  Cesium  Standard  is  the  most  common  device  satisfying  the  listed  stability  criterion,  but  other  standards, 
such  as  Rubidium,  which  satisfy  the  stability  criterion,  are  also  used. 

For  the  purposes  of  PPC  model  calibration,  Type  2  as  well  as  Type  3  data  on  single  paths  must  be 
differenced,  since  an  "exact”  datum*  is  required  to  determine  the  linear  model  coefficients.  The  phase- 
difference  measurements  are  less  desirable,  from  the  viewpoint  of  PPC  model  calibration,  than  the  absolute 
mode  measurements  providing  single-path  phase  data,  since  differences  introduce  additional  noise  (day- 
to-day  fluctuations  (at  a  fixed  hour)  on  two  paths)  and  reduce  observability  by  subtracting  modeled  phe¬ 
nomena  common  to  the  two  paths.  Some  Type  1  data  was  used  in  PPC  Model  calibrations  prior  to  1990, 
although  it  was  extremely  small  compared  to  the  phase  difference  component. 

Type  2  data  can  be  used  directly  (without  differencing)  for  system  performance  evaluation  and 
signal  coverage  analysis.  Such  analysis  is  possible  because,  aside  from  a  fixed  (unknown)  offset,  the 
reference  phase  diverges  negligibly  from  the  transmitted  phase  over  a  period  of  days  or  weeks.  Thus,  the 
diurnal  behavior  of  a  signal  can  be  analyzed  for  signs  of  modal  interference  or  long-path.  Type  1  data 
also  permits  this  kind  of  analysis,  and ,  in  addition,  allows  direct  measurement  of  single-path  phase  error, 
since  the  reference  phase  offset  is  effectively  zero.  A  collection  of  single-path  phase  errors  at  a  monitor 
site  can  be  used  to  directly  determine  the  position  error  that  would  be  incurred  by  a  receiver  operating  in 
the  range-only  navigation  mode  in  the  vicinity  of  the  monitor  site. 

An  important  source  of  Type  1  data  is  the  station  monitor  receiver.  In  terms  of  equipment  avail¬ 
able  at  the  site  itself,  the  station  monitors  actually  operate  in  the  low-stability  reference  mode,  i.e.,  the 
receivers  are  equipped  with  a  medium-precision  crystal  oscillator  so  that  only  phase-difference  mea¬ 
surements  can  be  accurately  made.  For  the  station  monitors,  however,  one  of  the  paths  is  the  very  short 


*The  precision  implied  here  refers  to  the  fractional  pari  of  the  cumulative  phase,  which  is  the  only 
meaningful  part  of  the  measurement;  the  integer  part  is  generally  predicted  reliably  from  assumed 
wave  number  values  (see  Chapters  9  and  4). 


one  (15  to  50  km)  from  the  local  station  to  the  station  monitor.  This  path  is  so  short  that  the  phase  is 
assumed  to  be  well-approximated  by  the  free-space  phase  (although  recent  measurements  indicate  that 
this  approximation  may  be  less  accurate  than  previously  assumed  (Ref.  14)).  Since  the  phase  for  this 
short  path  is  assumed  to  be  a  known  constant  (independent  of  time),  the  phase  difference  data  is  easily 
adjusted  to  describe  entirely  the  path  to  the  remote  station.  High  time-resolution  data  from  strip-charts  at 
the  station  monitors  are  used  to  establish  the  nonlinear  parameters  of  the  PPC  model  which  govern  diur¬ 
nal  phase  behavior  and  other  time-dependent  features. 

8.2.4  MX  1104  Monitor  Description 

Figure  8.2-2  is  a  functional  block  diagram  of  the  principal  components  of  the  Magnavox 
MX  1104  receiver  system.  The  principal  components  of  the  system  are; 

•  Antenna  coupler  unit 

•  Receiver/processor  unit 

•  Data  recording  unit. 

The  antenna  coupler  unit  consists  of  a  whip  antenna  which  senses  the  signal  (and  noise)  in  a  rela¬ 
tively  wide  bandwidth,  a  pre-amplifier  which  amplifies  both  signal  and  noise,  and  a  shielded  cable, 
which  transfers  the  signal  from  the  antenna  to  the  receiver.  The  antenna,  which  is  of  the  E-field  “blade- 
type,”  has  an  approximate  bandwidth  of  4  kHz  and  is  mounted  vertically.  This  antenna  orientation  is 
chosen  so  that  the  receiver  responds  preferentially  to  the  linearly  polarized,  vertical  Mode  1  electric  field 
of  the  Omega  signal.  The  pre-amplification  boosts  the  signal  (and  noise)  to  overcome  losses  in  the  long 
cable  (50  to  100  m). 

The  principal  functions  of  the  receiver/processor  unit  are  to  filter  and  amplify  the  signal,  perform 
signal  detection  and  tracking,  extract  and  process  the  signal  phase,  and  display  the  data.  The  receiver  is 
of  the  “RF-tuned”  type  in  which  the  signal  is  processed  at  its  received  frequency,  rather  than  down- 
converted  to  a  lower  frequency  prior  to  processing,  as  in  heterodyncd-type  systems.  The  RF-tuning 
method  was  selected  to  eliminate  phase  distortions  due  to  frequency  down-conversions. 

The  receiver  “front-end”  is  designed  primarily  to  reduce/eliminate  noise  and  isolate  the  signal 
without  introducing  “self-noise.”  This  is  accomplished  by  passing  each  (station/frequency)  signal  through 
a  100  Hz  bandpass  filter,  a  100  mV/m  limiter,  and  a  multi-stage  amplifier.  The  signals  are  associated  with 
the  appropriate  Omega  station  through  a  signal  acquisition/synchronization  process  in  which  the  pulse 
widths  at  each  frequency  are  measured  and  compared  to  the  tfansmission  fonnat.  The  bandpass  filter 
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Figure  8.2-2  Magnavox  MX  1 104  Omega  Receiver  Components 


red'i  .'.es  tlie  flat-spectrum  noise  and  the  limiter  excludes  the  high  noise  level  impulses  (“sferics”).  The 
multi-stage  amplifier  is  designed  to  minimize  intermodulation  products  (internal  phase  noise). 

In  the  detection  stage  of  the  receiver,  the  analog  signal  is  first  converted  to  a  digital  form  using  a 
8-bit  A/D  converter.  The  time  base  for  the  resulting  digitized  signal  is  provided  by  the  (internal  or  external) 
reference  oscillator/clock  which  is  typically  at  a  frequency  of  1  MHz.  The  “phase”  of  the  signal  is  initially 
measured  as  the  number  of  clock  pulses  from  a  reference  point/intermpt  to  the  next  zero-crossing  of  the 
digitized  signal.  In  the  “absolute”  mode  of  operation,  a  120  mV  calibration  signal,  which  is  generated  by 
the  receiver  and  injected  at  the  antenna  via  a  separate  cable,  is  used  to  correct  for  the  delay  time  through  the 
antenna  cable  and  receiver.  The  calibration  signal  is  injected  into  the  time/frequency  slot  conespoiuiing  to 
an  operator-selected  station  whose  signal  is  expected  to  be  very  weak  and  unusable. 
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The  phase  of  each  signal  (identified  by  station/frequency)  is  controlled  by  an  individual  phase- 
locked  loop.  Each  phase-locked  loop  is  second-order  to  provide  feedback  control  for  both  phase  and 
phase  rate  of  change.  When  averaged  over  several  cycles,  the  phase-locked  loop  yields  a  smoothed  esti¬ 
mate  of  the  phase,  depending  on  the  time  constant  selected  for  the  loop  (1  to  5  minutes).  In  the  most 
common  mode  of  operation,  the  time  constant  is  determined  from  the  loop  “error,”  i.e.,  the  difference 
between  the  estimated  and  measured  phase  over  one  loop  cycle.  Thus,  if  the  loop  error  is  large  or  doesn’t 
converge,  the  signal  is  “noisy”  and  the  time  constant  is  extended;  conversely,  a  small  loop  error  means  a 
stable,  noise-free  signal  and  a  short  time  constant.  The  cosine  of  the  loop  error  (phase  angle)  is  averaged 
and  becomes  the  so-called  “linear”  estimate  of  signal-to-noise  ratio  (SNR).  See  Chapters  4  and  12  for 
additional  information  on  phase-locked  loops. 


Phase  and  other  data  measured  by  the  MX  1 104  is  sent  to  the  receiver  display,  which  is  refreshed 
every  10  seconds.  The  display  allows  several  options  for  data  presentation,  including  selected  phase 
difference  readings,  phase  with  respect  to  the  reference  clock  for  one  or  more  stations/frequencies,  and 
SNR,  both  as  a  linear  estimate  and  the  “true”  value  (in  dB).  The  receiver-internal  conversion  from  the 
linear  estimate  of  SNR  to  its  value  in  dB  is  obtained  from  a  calibration  of  the  receiver  using  a  fixed  signal 
level  and  variable  noise  level.  Since  the  flat-spectrum  noise  generator  used  in  the  SNR  calibration  does 
not  include  “impulsive”  noise,  the  dB-value  form  of  the  SNR  datum  may  not  be  valid  in  the  presence  of  a 
large  impulsive  noise  component.  This  is  true  even  though  the  receiver  limiter  “cuts  off’  large  impulsive 
noise  spikes  since  the  noise  level  statistics  (which  influence  the  SNR  calibration)  change  with  the  inclu¬ 
sion  of  the  impulsive  component.  Finally,  the  receiver  also  displays  diagnostic  data  such  as  error  codes 
and  estimates  of  internal  oscillator  drift. 


The  fixed-format  data  sent  to  the  recorder  is  processed  (averaged/smoothed)  substantially  more 
than  the  data  displayed  on  the  receiver  CRT.  The  recorded  phase  and  SNR  data  are  the  result  of  filtering/ 
smoothing  the  instantaneous  data  values  over  the  internal  time  constants.  Phase  data  transferred  to  the 
recorder  also  passes  through  a  tiiangular  filter  that  weights  each  data  group  one  time  constant  before  and 
after  the  recording  time  by  one-sixth  and  the  data  at  the  recording  time  by  two-thirds.  This  filtering  re¬ 
moves  anomalous  shifts  in  the  data  which  may  occur  at  the  time  of  recording.  Until  the  late  1980s,  a 
cassette  tape  recorder  was  an  integral  part  of  the  monitor  equipment  suite.  A  cas.sette  tape  typically  held 
one  month’s  worth  of  hourly  phase  and  SNR  data  on  the  three  primary  Omega  signal  frequencies.  To 
improve  the  reliability  ana  maintainability  of  the  recording  function  a  disk  recording  system  was  ac¬ 
quired  for  all  monitors  beginning  about  1989. 
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8.2.5  Monitor  Site  Operations 

A  uniform  set  of  procedures  have  been  established  by  ONSCEN  for  routine  operations  at  all 
long-term  monitor  sites.  These  procedures  include: 

•  Identification  of  monitor  operational  status 

•  Communications  with  ONSCEN  regarding  monitor  operations  or  equipment 
malfunction 

•  In  the  case  of  an  equipment  malfunction,  identification  and  removal  of  defective 
component 

•  Removal/replacement  of  data  disk  and  submittal  to  ONSCEN. 

These  procedures  are  intended  not  only  to  make  monitor  operation  as  simple  and  routine  as  possible,  but 
also  to  ensure  uniformity  of  data  collection  and  minimize  operator-induced  errors. 

Long-term  Omega  monitors  are  frequently  installed  at  a  facility  where  other  electronic  equip¬ 
ment  is  also  being  operated.  This  arrangement  is  advantageous  since  the  facility  normally  maintains 
proper  environmental  control  (e.g.,  temperature  and  humidity)  for  electronic  equipment  and  the  person¬ 
nel  assigned  to  oversee  the  monitor  are  generally  familiar  with  radio-type  equipment.  Oversight  person¬ 
nel  are  requested  to  make  daily  spot  checks  of  the  monitor  equipment  to  insure  normal  operation. 

If  a  problem  with  the  monitor  equipment  is  noted,  diagnostic  error  codes  may  be  entered  from  the 
keyboard  to  determine  the  general  nature  of  the  problem  and,  in  some  cases,  the  identification  i  ..mber  of 
the  faulty  board.  The  problem  symptoms  and  diagnostic  results  are  communicated  to  ONSCEN  usually 
by  message  or  facsimile.  ONSCEN’s  response  may  be  a  request  to  return  a  component,  make  an  adjust¬ 
ment,  or  perform  another  diagnostic  test.  Returned  components  (normally  circuit  boards)  are  immedi¬ 
ately  replaced  with  functioning  units  to  minimize  monitor  off-air  time.  ONSCEN  sends  the  defective 
components  to  the  manufacturer  for  repair  or  replacement. 

At  the  end  of  a  month,  the  data  disk  from  the  recorder  is  mailed  to  ONSCEN.  A  supply  of  disks  is 
retained  at  the  monitor  site  facility  so  that  a  new  one  can  be  inserted  immediately  after  removing  the  old 
one.  This  procedure  ensures  a  minimal  loss  of  data  during  data  transfer.  The  disk  capacity  is  actually 
jufficient  to  hold  more  than  a  month’s  worth  of  data,  but  the  monthly  period  is  retained  because: 

•  The  capacity  of  the  earlier  cassette  tape  recorder  unit  was  only  slightly  more  than 
a  month’s  data 

•  Longer  periods  increase  the  possibility  that  an  undetected  receiver  error  may  render 
the  data  useless  over  a  greater  length  of  time. 
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BeCciuse  some  of  tlie  monitor  sites  ely  remote,  the  mailing  times  vary  from  a  few  days  to  several 

weeks.  As  a  result,  ONSCEN  attempio  lo  screen  the  data  quickly  for  any  apparent  receiver  error  so  that 
the  site  can  be  notified  of  the  error  and  the  procedure  for  correcting  it  as  soon  as  possible.  The  most 
direct  way  to  detect  an  error  is  lo  scan  the  header  line  of  the  block  format.  Codes  identifying  system-de¬ 
tected  errors  are  inserted  in  column  six  of  the  header  line.  These  error  codes,  which  are  listed  in 
Table  8.2-4,  also  appear  on  the  MX  1104  display  but  may  not  be  noted  by  monitor  site  personnel.  Fre¬ 
quently,  receiver  malfunctions  are  not  detected  by  the  system.  These  errors  are  usually  only  detern-uned 
through  an  analysis  of  the  data  itself.  Some  typical  cn  ors  that  may  be  detected  in  the  data  ai  e:  no  diurnal 
variation  in  the  phase  for  all  channels  may  indicate  a  broken  antenna  wire,  or  incorrect  diurnal  variation 
on  each  channel  (not  physically  realizable  for  the  indicated  station/frequency'),  an  indicator  that  the  re¬ 
ceiver  has  probably  become  de-synchronized. 


Table  8.2-4  MX  1104  Error  Codes 


ERROR 

CODE 

PROBABLE  CAUSE 

CORRECTIVE  ACTION 

01 

Checksum  failure  for  the  PROMs  on 

Boa'’d  3  (Memory  Board) 

Replace  Board  3 

02 

Failure  of  Control  Processor  Unit  (CPU) 
on  Board  4 

Replace  Board  4 

03 

Instability  of  5  MHz  Oscillator 

Replace  5  MHz  Oscillator 

04 

Failure  of  digital  interface  self-test  on 

Board  7 

Replace  Board  7 

08 

Checksum  failure  for  the  memory  (daughter 
board)  on  Board  7  (digital  interface) 

Replace  the  daughter  board  on  Board  7 

8.2.6  Current  Monitor  Network 

The  cuiTerit  Omega  Monitor  Network  comprises  the  22  monitor  sites  listed  in  Table  8.2-2  and 
portrayed  in  Fig.  8. 1-2.  Nearly  a  third  of  these  sites  (8)  are  station  monitors,  which  effectively  operate  in 
the  absolute  mode,  as  explained  in  Section  8.2.3.  Of  the  remaining  14  monitors,  four  are  operated  in  the 
absolute  mode,  providing  Type  (1)  data.  Four  other  monitors  operate  in  the  high-stability  reference 
mode  (using  Cesium  standards)  and  the  remaining  six  are  low-stability  reference  mode  monitors,  utiliz¬ 
ing  only  the  internal  MX  1104  oscillator.  This  network  of  monitors  provides  a  good  mix  of  monitor 
modes  and  a  reasonably  uniform  geographic  dispersal  of  sites. 
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Although  the  daX'd  from  the  cuirent  network  sites  may  see  some  use  in  the  support  of  PPC  model 
improvement  and  signal  coverage  verification,  most  of  its  application  will  be  to  support  system  synchro¬ 
nization,  system  performance  evaluation,  and  anomalous  event  detection.  System  performance  evalua¬ 
tion  requires  a  quantitative  determination  of:  (1)  how  tightly  each  station  maintains  synchronization 
with  respect  to  system  timie/UTC,  (2)  the  adherence  of  each  .station’s  transmitted  waveform  to  the  signal 
specification,  and  (3)  the  relative  amount  of  unscheduled  off-air  time.  For  synchronization,  the  station 
monitors  provide  system-internal  measurements  of  phase  as  a  critical  adjunct  to  external  time  reference 
measurements.  High-resolution  data  from  the  station  monitors  on  certain  polar  paths  is  constantly 
checked  for  possible  polar  cap  disturbance  (PCD)  events.  A  positive  PCD  indication  on  one  path  must 
be  confirmed  by  positive  indications  on  all  polar  paths  before  a  PCD  warning  is  publicly  issued.  Data 
from  certain  station  monitors  can  now  be  readily  accessed  by  modem.  This  data  is  acquired  through  the 
Remote  Data  Acquisition  (RDA)  system,  recently  implemented  by  ONSCEN  and  USNO.  The  RDA 
system,  comprising  a  digital  communication  system  and  interface  units,  can  retrieve/display  phase, 
phase-difference,  SNR,  antenna  current,  and  station  liming  information  relative  to  GPS.  The  most  re¬ 
cent  data  may  be  accessed  as  well  as  data  for  any  hour  over  the  preceding  45  days.  Phase-difference  data 
averaged  over  a  five-day  window  (within  the  preceding  45  days)  may  also  be  obtained, 

8.3  MONITOR  DATA  PROCESSING  AND  ANALYSIS 

Monthly  Omega  signal  data  from  the  long-term  Omega  monitor  sites  are  collected  andpiocessed 
by  ONSCEN.  Although  monitor  site  personnel  occasionally  request  permission  to  copy  and  analyze  the 
monthly  data  prior  to  submittal  to  ONSCEN,  most  of  the  data  collection  and  analysis  is  performed  by 
ONSCEN  staff.  This  single  focal  point  for  the  data  processing  and  analysis  activities  ensures  uniformity 
and  minimizes  errors  in  the  resulting  data. 

An  illustration  of  the  steps  in  the  overall  data  processing  procedure  is  portrayed  in  Fig,  8.3-1 , 
Sections  8.3.1  and  8.3.2  describe  the  functions  shown  in  the  figure. 

8.3.1  Initial  Data  Processing 

Each  monitor  data  file  (resident  on  the  data  disk  forwarded  to  ONSCEN)  comprises  a  scries  of 
monitor  data  blocks  which  are  normally  recorded  each  hour  on  the  hour.  These  data  blocks  contain  sig¬ 
nal  data  valid  over  the  duration  of  approximately  one  time  constant  prior  to  the  recording  time. 

An  example  of  a  monitor  data  block  is  portrayed  in  Fig.  8.3-2.  Each  block  contains  seven  lines  of 
character  data.  1  he  header  line  (line  1)  contains  eight  information  fields  as  described  in  the  figure,  The 
descriptions  are  generally  self-explanatory.  Field  five  designates  the  presence  of  the  triangular  filter  (see 
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Figure  8,3-1  Monitor  Data  Processing  and  Analysis 


Section  8,2,4),  1  he  error  codes  for  Pield  six  arc  given  in  lubic  8,2-4,  Note  tlmi  iW  ilic  siiiiion  niynitors, 
Field, s  five  and  ,six  arc  rcvcr.scd  and  two  digits  arc  allowed  for  an  expanded  set  of  error  codes,  'I'hc  sta¬ 


tions  arc  listed  in  positional  order  so  that,  for  example,  if  the  signal  from  Station  C  (Hawaii)  Is  being 
recorded,  a  C  would  be  shown  in  the  third  position,  If  C  is  not  being  recorded,  an  X  would  appear  in  the 
third  position,  and,  finally,  if  C  were  chosen  as  the  calibrate  channel,  a  Y  would  appear  in  the  third  posi¬ 
tion.  The  time  constants  (1  to  5  minutts)  foi  each  signal  uic  tied  to  ilic  same  positional  order,  Por 
example,  if  a  Y  appeared  in  the  sixth  position  in  the  reocived  signal  list,  u  1  would  appear  in  the  sixth 
position  in  the  time  constant  li.st,  since  the  calibrate  signal  is  strong  and  rctjuircs  only  the  shortcsi  pos¬ 
sible  lime  constant  to  detect  its  phase, 


Each  of  thr  next  three  lines  contains  the  signal  phase  data  for  the  eight  Omega  stations  at  a  single 
frequency,  i,c,,  Line  two  for  10,?  kH/,data,  I,inc  three  for  1  i  kll/,data,  and  Line  four  for  1 3,6  kHz,  data. 


Each  line  contains  eight  three-digit  phase  values  coricsponding  to  the  station  signal  list  given  in  tin; 


header  line.  As  noied  in  the  figure,  the  rightmost  two  digits  arc  the  phase  values  (with  respect  to  the 
reference  oscillator)  in  ccnticyclcs  and  the  leftmost  digit  is  the  lane  value.  The  lane  value  digit  is  arbi¬ 
trarily  assigned  by  the  receiver,  and  ha.s  no  inherent  physical  meaning.  With  a  higli-slubilily  /cfcrciicc 
oscillator,  this  lane  value  cun  be  used  to  track  lane  changes  between  uiiy  two  hours  fas  long  as  the  receiver 
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the  interim)  and  thus  truce  out  the  coirccl  diurnal  phase  vajiation  (correct  to  within  an 
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1 .  Conirol  iiaA  clisritcter  (|). 

2.  Monitor  iliir  lileniKicnriort  code  (00). 

3.  Date  In  yc.ir,  iiionili,  und  diiy  (761020). 

4.  1)T  linif  in  hour ^  ...iJ  minutft  (2220/ 

5.  I'lller  (lit)),  (0  •-  nuite,  I  ..  trlknuular  (liter)  (0). 

0,  Ernir  code  (0  ••  fume,  1  m  9)  (0/ 

7,  lilrition  —  A  lenrr  (l<il((Oiiilott  (A-H)  Indlralc*  the  iiiilon  i»  beint  recorded. 
An  X  Iridk'Mtei  the  iteiion  (i  nut  Irelng  tecurdsd.  Y  Indkatei  the  ilitlon  >l)tnal 
it  diir'Utoi  hy  tlir  ealibraiiun  ehaiinci. 

H.  '(  line  contl«nt  (nr  cnch  italhm  ligtinl.  Die  lime  (onilant  it  from  )  to  5  mlnuiri, 

y,  MkiimI  |iIiii';  of  the  lirM  ilrfliim  recorded.  73ie  firtl  chiracler  repretenii  the 
Icfiii  ii(|nlllcint  dlpit  of  hut?  count.  'Hie  nem  two  cheruclert  rcprciciu  plmte 
In  crntlcy'-'lei.  'Hie  citempic  ihowi  timlun  A  it  10,2  klU. 

10  .Slgnel-io-noiit  rmlo  qualliy  Inder.  ("Iliieiir'  Kile)  uf  union  II  ii  10.2  kllr. 

II.  'rerinirisilun  chiriicicr  (J) 


**  Station  monitor  recorded  di'i  till  blocki  5  and  6 revei  ted indellovoit wo  cliniaciertfu;  ihcr  nor  code 


I'igurc  8,3-2  l)\iintj»lc  of  Monilor  Data  iJlock 

to  iHjfvn  mi'H  in  ilio  lane  viiluci  between  two  nignuh  recorded  concurrently,  In  these  c.iscs  the  entire 
three-digit  phase  values  lire  differenced  (using  HXlOs-coniplcincnt  arithmetic). 

>Siinl)urly,  cuch  of  the  final  three  lines  contains  the  "signal  (jualiiy"  index  for  each  of  the  three 
frettucncies  in  the  shiiic  order  us  jihasc,  liach  line  coniuins  cigin  two-digit  value,*  corrciponding  to  the 
(  lulioii  signal  list  given  in  the  header  line,  These  Indices  are  given  with  respect  to  the  so-called  "linear’’ 
scale  (00-yy)  for  signal  quality,  As  noted  in  yctlion  8,2,4.  these  values  are  just  the  averaged  cosine  of  the 
loop  error  resulting  from  the  phu.se  lock  loop  piuccssing. 

As  a  fu  st  fitcji  In  monitor  data  jii'occssing.  the  data  block  hcadci  line  is  scanned  by  a  prc-j)roecssoi 
nHitiiie  to  dciet :l  loissiblc  luulis,  I'oi  example,  the  conliol  start  chiiractci  may  he  absent  oj  the  site  II) 
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code  may  not  match  that  for  the.  originating  she  as  indicated  by  the  mailing  label.  The  pre-processor  also 
checks  for  the  correct  number  of  characters  per  line  and  the  total  number  of  lines  in  the  data  block. 
Where  pos.siblc,  corrections  for  data  block  errors  are  implemented  manually.  If  an  error  introduces  an 
ambiguity  that  cannot  be  resolved,  the  data  block  is  rejected. 

Normally,  the  recording  lime  in  the  header  line  is  checked  to  see  if  it  is  on  the  hour  (i.e.,  00  min- 
ulctO  and  if  the  hour  increments  correctly  through  subsequent  data  blocks.  Occasionally,  however,  otlier 
recording  times  are  valid.  For  example,  during  certain  validation  tests,  the  data  is  recorded  every  10  min¬ 
utes  over  a  period  of  a  few  days,  The  calibration  channel  assignment  is  also  checked  to  ensure  that  it  is 
not  inadvertently  changed  over  the  month.  Sometimes,  however,  ONSCEN  directs  the  site  to  change 
calibration  channels,  based  on  analysis  of  the  data  or  on  operational  requirements.  Since  the  triangular 
filter  ensures  a  more  stable  measurement  of  signal  parameters,  the  filter  field  in  the  header  line  is 
checked  for  an  ON  status  for  most  monitor  operating  conditions.  Any  non-zero  error  codes  are  noted  and 
passed  on  to  ONSCEN  technicians  who  monitor  the  equipment/component  history  at  each  site.  Based 
on  the  indicated  error  code,  historical  data,  and  other  information,  ONSCEN  communicates  an  additional 
inquiry  or  conectivc  action  to  the  monitor  site.  Finally,  the  calibration  channel  quality  number  is  checked 
to  see  if  it  exceeds  90,  A  smaller  number  might  indicate  excess  noise  or  a  damaged  antenna  cable. 

8.3.2  Data  Formatting  and  Storage 

For  each  monitor,  the  raw  data  blocks  for  a  given  month  and  year  which  are  accepted  by  the  pre- 
proce.ssor  program  are  combined  and  reformatted,  as  illustrated  in  Fig.  8.3-3.  The  data  is  processed  by 
means  of  a  software  utility  (known  as  Program  CRUNCH)  which  allows  the  following  output  format 
options: 

*  Raw  data  (no  processing) 

*  Separate  pha.sc/SNR/frequency  files 

*  Parsed  data  files, 

The  format  for  the  raw  data  is  illustrated  in  Figure  8.3-2.  This  option  simply  retains  the  original 
data  format  and  effectively  involves  no  processing. 

The  format  for  the  second  option,  which  is  illustrated  in  the  upper  right  portion  of  Fig.8.3-3,  orga- 
ni/cs  the  raw  data  for  a  given  monitor/month/year  into  six  files  specified  by  frequency  (10.2, 1 1  /  j,  or  13.6 
kHz)  and  data  type  (phase  or  SNR  qu.ality  number).  Thus,  for  example,  file  HAWAI0392.S2  contains  SNR 
quality  luimbcr  data  at  1 1  '/3  kHz  from  the  HAWAII  monitor  site  collected  during  March  1992.  Within  each 
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Figure  8.3-3  Monitor  Data  Refomiatting  Options 


file,  the  data  is  listed  as  24  columns,  corresponding  to  UT  hour,  and  28  to  3 1  groups  of  eight-row  data  corre¬ 
sponding  to  station  signals  A,  B, , , . ,  H  for  each  day  of  the  month. 


The  parsed  data  file  format  is  illustrated  in  the  lower  right  portion  of  Fig.  8.3-3.  Each  of  these 
files  contains  both  phase  and  SNR  data  for  all  frequencies  for  each  day  of  a  given  month  at  a  given  moni¬ 
tor  site.  The  corresponding  filenames,  e.g.,  REUNIl  191,  for  this  data  format  contain  all  the  necessary 
information  so  that  no  file  extension  is  needed.  The  data  in  each  file  is  again  arranged  in  24  columns  and 
28  to  3 1  groups  of  rows  corresponding  to  day  of  the  month.  Within  each  group  of  rows,  the  data  is  for¬ 
matted  as  three  subgroups  (corresponding  to  frequency)  which  is  further  divided  into  eight  two-row 
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units.  Each  two-row  unit  corresponds  to  a  station  signal  with  the  first  row  containing  the  phase  data  and 
the  second  row  containing  the  SNR  quality  number. 

The  files  described  above  constitute  the  basic  structure  for  storage  of  monitor  data.  Although 
subsequent  processing  stages  may  be  considered  as  data  analysis/applications,  two  procedures,  imple¬ 
mented  by  programs  ODAEDIT  and  SNRAVG,  are  routinely  and  systematically  applied  to  the  data.  The 
inputs  and  outputs  for  these  two  programs  are  illustrated  in  Fig.  8.3-4.  Note  that  not  all  of  the.  program 
output  options  are  routinely  selected. 

ODAEDIT  processes  the  separate  phase/frequency  files  according  to  an  input  file  of  selection 
options.  These  options  include  the  desired  phase-difference  pairs  (sometimes  called  “LOPs”)  at  a  given 
monitor  site.  The  phase-difference  values  are  obtained  by  differencing  the  appropriate  raw  signal  station 
phase  data  which  is  referenced  to  the  internal  (or  external,  if  present)  receiver  clock.  The  monitor  site 
name  and  month/year  is  input  to  the  routine  via  the  list  of  input  filenames, 

The  XEVENT  files  shown  in  Fig.  8..3-4  supply  information  on  anomalous  event  occurrence  so  that 
measurements  made  concurrent  with  these  events  may  be  appropriately  flagged.  The  event-concurrent 
measurements  are  flagged  —  not  deleted  —  so  that  subsequent  analyses  may  choose  to  delete  or  accept 
these  measurements,  based  on  an  assumed  level  of  user  knowledge  regarding  event  occurrence.  The 
particular  events  for  which  the  XEVENT  files  provide  information  are  Sudden  Ionospheric  Distur¬ 
bances  (SIDs),  Polar  Cap  Disturbances  (PCDs),  tran.smitting  station  outages,  and  monitor  outages.  Sig¬ 
nal  data  recorded  concurrently  with  these  events  are  flagged  a.s  shown  in  Table  8,3-1.  Other  flags  are 
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Figure  8.3-4  Routine  and  Special-Purpose  Data  Processing/Storage 
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assigned  as  a  result  of  ODAEDIT  processing.  When  evaluating  the  statistics  of  the  daily  measurements 
taken  at  a  given  hour  (for  a  given  monitor  sitc/LOP/frcquency/month/year),  two  types  of  outliers  arc 
identified.  The  Q-flag  is  assigned  to  a  measurement  if  either  of  the  following  conditions  hold: 

•  Tiie  measured  value  is  more  than  two  standard  deviations  from  the  mean  of  all  pre¬ 
viously  unflagged  measurements  at  the  given  hour 

•  The  measured  value  is  more  than  eight  centicycles  from  the  mean  of  all  previously 
unflagged  measurements  at  the  given  hour. 


Table  8.3*1  Daily  Measurement  Flags 


FLAG 

DESCRIPTION 

S 

Measurement  concurrent  with  an  SID  event 

P 

Measurement  concurrent  with  a  PCD  event 

D 

One  of  the  two  stations  making  up  the  LOP  pair  was  ofl-air  at  the  time  of  the  measurement 

M 

The  monitor  was  not  operational  at  the  time  of  the  measurement 

Q 

Outlier  (more  than  two  standard  deviations  or  eight  centicycles  from  the  mean  unflagged  value 
at  the  given  hour) 

L 

Data  from  a  set  of  unlagged  daily  measurements  which  are  too  variable  (standard  deviation  > 

15  cec) 

1 

Insufficlont  data  (fewer  than  7  unlagged  daily  measurements  for  the  month  at  a  given  hour) 

If  an  outlier  flag  is  assigned  in  the  processing,  the  statistics  are  rc-computed  until  cither  no  outli¬ 
ers  arc  assigned  or  if  fewer  than  7  unflagged  daily  measurements  remain  (for  the  given  hour).  When  the 
re-computation  cycle  is  completed,  an  L-flag  is  assigned  to  all  remaining  measurements  if  the  standard 
deviation  of  the  remaining  unflagged  daily  measurements  is  15  centicycles  or  greater.  If,  after  the  above 
flagging  procedures  arc  applied,  fewer  than  7  unflagged  daily  measurements  remain  for  the  given  hour, 
the  I-flag  is  attached  to  all  remaining  measurements  for  that  hour. 

The  ODAEDIT  output  which  is  routinely  produced  consists  of  data  files  containing  both 
observed  and  predicted  information  for  a  given  sitc/LOP/month/ycar/frcqucncy,  In  each  file,  the  data  is 
again  formatted  as  24  columns,  corresponding  to  UT  hours  00-23,  The  information  given  in  each  row 
includes,  for  each  UT  hour, 

•  The  number  of  unflagged  daily  measurements 

•  The  mean  LOP  value,  averaged  over  the  unflagged  daily  measiucmcnts 

•  The  predicted  LOP  values,  computed  for  Days  7  and  22  of  the  month  and  averaged, 
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The  filenames  for  the  output  data  files  consist  of  a  five-character  monitor  site  name,  two-digit  month, 
two-digit  year,  and  the  two  stations  making  up  the  LOP.  The  file  extension  contains  the  characters  “PR” 
followed  by  the  digits  1, 2,  or  3,  indicating  10.2,  III/3  or  13.6  kHz,  respectively.  When  files  with  com¬ 
mon  site/LOP/month/year  are  combined  for  all  three  frequencies,  the  resulting  information  is  used  to 
generate  plots  and  special  tables. 

Like  ODAEDIT,  SNRAVG  processes  the  separate  SNR/frequcncy  files  according  to  an  input 
file  of  selection  options.  The.se  options  include  the  station  signals  for  which  SNR  is  desired  (usually 
excluding  the  calibrate  channel)  at  a  given  monitor  site.  No  SNR  differencing  option  is  available  for  this 
process.  The  monitor  site  name  and  month/year  is  input  to  the  routine  via  the  list  of  input  filenames. 

Two  types  of  files  are  output  by  SNRAVG.  The  first  type,  which  is  written  only  for  special- 
purpose  applications,  has  a  monthly  block  format  (24  columns  with  the  rows  corresponding  to  days  of 
the  month),  consisting  of  observed  SNR  quality  numbers  for  a  given  station  at  a  site/month/year/ 
frequency.  Following  each  block,  two  rows  of  data  are  provided  which  contain,  for  each  UT  hour, 

•  The  number  of  unflagged  daily  measurements 

•  The  mean  SNR  quality  number  for  the  given  station,  averaged  over  the  unflagged 
daily  measurements, 

Each  file  contains  eight  such  blocks  (with  the  two  summary  rows  appended  to  each  block)  corresponding 
to  the  eight  station  signals  (including  any  station  which  happens  to  serve  as  a  calibrate  channel).  This 
type  of  file  is  u.sed  for  data  analysis  and  is  given  a  filename  which  consists  of  a  five-character  monitor  site 
name,  two-digit  month,  and  two-digit  year.  The  file  extension  contains  the  characters  “SXAV,"  where 
“X”  is  1,  2,  or  3,  corresponding  to  frequencies  10,2,  III/3,  or  13.6  kHz,  respectively. 

The  second  type  of  file,  which  is  routinely  written  by  SNRAVG,  contains  only  the  information 
listed  in  the  two  rows  appended  to  each  station  signal  block  in  the  SXAV-type  file  (see  the  two  bullets 
above).  The  file  thus  consists  of  eight  pairs  of  rows,  each  pair  corresponding  to  a  station  signal.  This  se¬ 
cond  type  of  file  is  used  for  ODA  plotting  and  is  given  the  extension  “SXAVPLT,”  where,  again,  “X”  is  1 , 2, 
or  3,  corrc.sponding  to  frequencies  10.2, 1 1  '/j,  or  13,6  kHz,  respectively.  Because  the  SNR  quality  number 
has  a  nonlinear  relationship  to  the  SNR  expressed  in  dB,  the  averaged  quality  number,  convened  to  dB,  is 
not  the  same  as  that  obtained  by  first  converting  each  SNR  quality  number  to  dB  and  then  averaging. 

Aggregation  of  all  .PRX  and  .SXAVPLT  files  for  a  given  site  produces  a  scries  of  plots  and  spe¬ 
cial  tables  which  collectively  serves  as  a  hard-copy  “dossier”  of  information  for  a  given  monitor  site. 
This  is  described  further  in  Section  8.3.5. 
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The  predicted  LOP  values  at  a  monitor  site  are  simply  the  difference  between  the  nominal  LOP 
value  (which  depends  on  frequency)  and  the  PPG  (which  depends  additionally  on  time).  The  PPCs  cur¬ 
rently  used  (1993)  are  based  on  the  1980  PPG  Model  (see  Chapter  9).  Since  the  nominal  LOP  value 
contains  the  full  cumulative  phase  difference  information  (in  units  of  nominal  wavelengths),  the  pre¬ 
dicted  LOP  value  has  an  integer  part  (number  of  nominal  wavelengths)  and  a  fractional  part.  The 
observation,  however,  provides  valid  information  only  on  the  fractional  part.  Thus,  the  observational 
data  is  “laned”  by  assuming  that  the  full  predicted  value  is  within  0.5  cycle  of  the  observed  value  at  each 
hour.  This  assumption  allows  an  unambiguous  assignment  of  a  full  lane  number  (integer  part  of  the  phase 
value  in  cycles)  to  the  observation  for  each  hour.  To  reduce  data  storage,  the  minimum  lane  number  over 
the  24-hour  monthly  average  is  subtracted  from  each  laned  observation  average.  This  also  ensures  that 
all  observed  LOP  averages  are  positive. 

The  principal  reason  for  applying  the  procedure  described  above  is  not  to  establish  correct  lane, 
but  to  correctly  juxtapose  the  hourly  observed  LOP  values  so  that  the  shape  of  the  diurnal  is  physically 
reasonable.  For  example,  if  the  fractional  part  of  the  monthly  average  observed  LOP  value  at  hour  h  is 
0.47  (cycle)  and  the  value  at  hour  h+l  is  0.98,  then,  without  a  priori  guidance,  one  wouldn’t  know 
whether  the  phase  increased  by  0.51  cycle  during  the  hour  or  decreased  by  0.49  cycle  (to  -0.02  cycle 
which  is  equivalent  to  0.98  cycle)  over  the  same  period.  In  this  case  the  predictions  (using  the  PPGs) 
supply  the  overall  guidance,  with  the  basic  assumption  that  the  predictions  are  within  0.5  cycle  of  the 
observed  phase  or  phase-difference  value.  When  this  assumption  is  invalid  (as  occasionally  happens  on 
transition  paths  longer  than  1 0  Mm) ,  the  LOP  diurnal  behavior  is  not  correct.  An  alternative  is  to  use  the 
third  least  significant  digit  in  the  raw  data.  As  noted  in  Section  8.3.1,  when  the  phase  values  in  a  data 
block  are  differenced  (to  construct  an  LOP  value),  this  third  digit  retains  its  validity  as  a  lane  reference 
from  hour-to-hour  or  day-to-day.  In  unusual  circumstances,  where  the  propagation  conditions  change 
faster  than  the  receiver  time  constant,  the  receiver  may  “slip”  a  lane  and  thereby  yield  the  wrong  third 
digit  value.  Another  possibility  is  that  the  receiver  may  be  shut  down  ( pou  er  off)  and  restarted  between 
hourly  measurements,  thus  resetting  the  lane  number  difference  relationship. 

An  optional  output  of  the  ODAEDIT  program  is  a  series  of  specially  formatted  monthly  blocks  of 
data  making  up  the  “Master  Data  File.”  This  output  format  is  used  primarily  for  PPG  model  calibration  and 
in  response  to  special  requests.  The  blocks  contain  the  daily  measured  phase  (two  digits)  at  each  UT  hour 
for  a  given  site/LOP/frequency /month/year.  Each  block  corresponds  to  a  unique  file  having  a  filename 
consisting  of  the  five-character  monitor  site  name,  followed  by  the  month  (two  digits),  the  last  two  digits  of 
the  year,  and  the  two  letters  of  the  station  pair  (LOP).  The  file  extension  consists  of  “MF,”  followed  by  a 
single  digit:  1  —  10.2  kHz,  2  —  1 1 V3  kHz,  and  3  — 13.6  kHz.  A  sample  file  block  is  shown  in  Fig,  8.3-5. 
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Figure  8.3-5  Sample  Master  Data  File  Block 


The  header  line  of  the  file  block  (see  the  sample  block  in  Fig.  8.3-5)  contain  the  yeai',  month,  fre¬ 
quency,  and  monitor  site  name.  The  two  characters  corresponding  to  the  station  signal,  lake  up  the  phase 
differen.ce  measurement  are  followed  by  a  third  character  indicating  the  station  “local”  to  the  monitor.  A 
zero  in  the  following  field  indicates  the  measurement  was  made  “on”  the  IJT  hour.  The  character  in  the 
following  field  is  a  block  flag  indicating  the  quality  of  the  data  block  as  a  whole.  This  flag  is  no  longer  used 
by  ONSCEN  in  assessing  data  quality.  The  following  real  number  is  the  nominal  value  of  the  LOP  in  cycles 
at  the  appropriate  frequency.  The  nominal  value  is  followed  by  the  normal  illumination  depression  (NID) 
in  units  of  centicycles.  The  use  of  the  NID  in  the  1980  calibration  is  discussed  in  Chapter  9.  The  NID  is 
followed  by  the  monitor  site’s  latitude  (positive  is  North)  and  longitude  (positive  is  East)  in  degrees.  The 
next  23  columns  give  the  day./r.ight  flags  for  UT  hours  00  23.  “D”  means  both  of  the  paths  making  up  the 
LOP  are  fully  illuminated  (in  day);  “N”  means  botli  paths  are  in  night.  The  last  two  figures  in  the  header 
line  are  the  day  phase  “error”  (cecs)  and  night  phase  “error”  (cycles),  respectively,  where  “error”  refers  to 
the  difference  between  the  averaged  observed  value  (separately  for  each  “D”  or  “N”  day/hour  measure¬ 
ment)  and  the  nominal  value.  These  two  values  are  no  longer  used  by  ONSCEN. 

The  next  two  rows  in  the  Master  Data  File  block  list  the  PPCs  (1980  PPC  Model)  for  each  UT 
hour  for  the  first  and  second  half-month  (the  7th  and  22nd  of  the  month).  The  following  rows  list  the  raw 
phase-difference  data  (in  cecs)  for  each  UT  hour  and  each  day  of  the  month.  The  next  two  rows  provide 
the  number  of  unflagged  measurements  for  each  half-month  at  each  UT  hour.  The  phase  errors 
(ob, served  -  predicted;  in  cecs)  for  each  hourly  set  of  unflagged  measurements  for  each  half-month  are 
given  in  the  next  two  rows.  The  final  two  rows  yield  the  standard  deviations  (in  cecs)  for  each  hourly  set 
of  unflagged  measurements  for  each  half-month. 

ODAEDIT  also  provides  as  a  “printer”  output  the  information  in  a  given  Master  Data  File  Block 
with  additional  statistics  and  data  summaries,  as  shown  in  Fig.  8.3-6.  Much  of  this  information  is  specially 
prepared  for  use  with  the  1980  and  earlier  PPC  model  calibrations  but  is  no  longer  used  by  ONSCEN. 

8.3.3  Quarterly  Monitor  Report 

To  assist  in  managing  the  Long-term  Omega  Monitoring  Program  and  coordinating  the  activities 
of  the  monitor  installation  teams,  the  data  processing  staff,  and  the  data  analysts,  a  report  is  prepared 
each  quarter,  providing  the  most  recent  information  on  the  monitor  program.  This  report,  which  is  pub¬ 
lished  by  the  Analysis  and  IRM  Branch  of  the  .Signal  Analysis  and  Control  Division  at  ONSCEN,  was 
formerly  published  monthly,  but  as  monitoring  activities  have  become  more  controlled,  less  frequent 
reports  are  needed.  The  distribution  of  the  report  coincides  with  a  meeting  of  all  Signal  Analysis  and 
Control  and  Engineering  Division  personnel  with  monitor-related  duties. 
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Figure  8.3-6  Sample  “Printer”  Output  of  Master  Data  File  Block 


The  report  commences  with  a  map  showing  the  locations  of  all  active  monitor  sites.  This  is  fol¬ 
lowed  by  a  summary  report  of  monitor  site  activities  for  the  last  12  months  (see  the  sample  summary  in 
Fig.  8.3-7).  The  activities  are  indicated  by  a  table  of  monitor  sites  (rows)  and  the  immediately  previous 
12  months  (columns).  Abnormal  activities  are  listed  as  codes  in  three  separate  categories: 

•  General  —  monitor  site  established/disestablished;  equipment  status,  etc. 

•  Data  Disk  Received  —  data  not  recorded  on-hour,  receiver  mis-synchronized,  less 
than  7  days  of  good  data,  etc. 

•  Data  Disk  not  Received  —  late  deli  very  expected,  equipment  problems  suspected,  etc. 

The  summary  report  is  followed  by  a  site-by-site  list  of  communications  with  each  monitor  during 
the  quarter.  The  communications  items  concern  mostly  reports  on  equipment  health  status,  replacement 
components  shipment  status,  requests  to  insert  appropriate  calibration  channel,  ID  codes,  etc.  The  commu¬ 
nications  report  is  followed  by  a  status  report  on  monitor  site  installations  and/or  removals.  The  monitor  re¬ 
port  usually  concludes  with  a  list  of  spare  MX  1 104  monitors  and  their  operational  status.  During  the  final 
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Figure  8.3"7  Sample  Monitor  Data  Summary  Report 
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quarter  of  the  year,  a  special  table  at  the  end  of  the  report  summaiizes  the  data  processing  over  the  calendar 
year,  including  the  fraction  of  “good”  data  received  and  processed. 

8.3.4  Diagnostic  Analysis 

Although  many  of  the  malfunctions  of  the  Omega  monitoring  equipment  or  operator  errors  can  be 
detected  by  observing  the  receiver  operation  or  scanning  the  error  codes  in  the  raw  data  header  block,  a  siz¬ 
able  fraction  of  such  errors  remain  undetected.  To  identify  these  problems  and  ensure  phase  data  integrity, 
predicted  and  observed  phase/phase-difference  data  are  sampled  and  plotted.  Specifically,  the  phase/phase- 
difference  data  provided  in  the  .PRX  files  (see  Section  8.3.2)  are  plotted  as  a  function  of  UT  hour. 

A  sample  phase  plot  for  the  “G-D”  LOP  at  the  North  Dakota  station  monitor  is  presented  in 
Fig.  8.3-8.  To  within  a  constant  phase  bias,  this  plot  shows  the  phase  profile  on  the  single  path  from  the 
Australia  transmitting  station  to  the  North  Dakota  station  monitor.  The  “O”  values  in  the  figure  plot 
correspond  to  the  observed  phase  data  with  lane  numbers  obtained  from  the  corresponding  predicted 
values.  The  “P”  values  in  the  figure  aie  predicted  phase  values  obtained  by  subtracting  the  appropriate 
PPC  (from  the  .PRX  file)  from  the  nominal  value.  This  procedure  automatically  yields  a  full  lane  count 
for  the  predicted  value  and  the  lane  number  for  the  observed  value  is  chosen  so  that  it  is  within  0.5  cycle 

N$DAK  G-D(O)  FEB  91  10.2  kHi  46.560  98.639  Observed  (O)  Predicted  (P)  Both  {=)  C-36S56 


UT 

Figure  8.3-8  Sample  Phase  Plot  for  Data  Diagnosis:  Observed  and  Predicted 

10.2  kHz  Australia  Station  Signals  as  Received  at  the  North  Dakota 
Station  Monitor  -  February  1991 
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of  the  predicted  value.  Where  the  “O”  and  “P”  values  overlap  (are  nearly  ec  ial),  a  “=”  appears  in  the 
figure  plot.  Monitor  name,  LOP,  time  (year,  month),  frequency,  and  monitor  location  (latitude,  longi¬ 
tude)  are  displayed  at  the  top  of  the  plot.  The  plot  abscissa  (labeled  “GMT”)  also  indicates  the  “LOP 
illumination”  in  which  both  paths  of  the  LOP  are  in  day  (”D”)  or  both  are  in  night  (”N”). 

A  data  plot  such  as  this  is  useful  for  rapidly  diagnosing  certain  types  of  monitor  problems.  For 
example,  the  observed  values  could  lie  along  a  straight  line,  parallel  to  the  abscissa,  thus  not  following 
the  diurnal  variation  indicated  by  the  predictions.  This  condition  might  indicate,  for  example,  a  severed 
antenna  connection.  Another  possibility  is  that  the  “O”  values  could  trace  out  a  “sawtooth”  shape,  hav¬ 
ing  an  envelope  which  tends  to  follow  the  predictions.  This  result  might  suggest  a  malfunctioning  oscil¬ 
lator  with  a  “drift”  rate  greater  than  1  cec/lO-second  Omega  pulse.  In  other  cases,  a  normal  diurnal 
profile  may  be  obtained,  but  not  at  all  like  the  predicted  diurnal  variation.  In  these  cases,  the  receiver  has 
become  mis-synchronized  so  that,  for  example,  A  -►  D,  B  -*■  E,  etc.  This  possibility  is  easily  verified  by 
consulting  plots  of  other  LOPs  at  the  same  site/rnonth/year/frequency. 

8.3.5  Operational  Data  Analysis 

Operational  data  analysis  (ODA)  refers  to  a  rather  general  set  of  activities,  procedures,  docu¬ 
mentation,  and  databases  that  are  used  to  provide  information  mostly  on  observed  Omega  signal 
behavior  at  the  long-term  Omega  monitor  sites.  Specifically,  ODA  information  is  used  to  support. 

•  Omega  system  performance  evaluation 

•  Reference/archive  functions 

•  Signal  usability  classification 

•  Monitor  fault  analysis. 

ODA  supports  Omega  system  perfonnance  evaluation  by  providing  data  that  can  be  used  to  de¬ 
termine:  ( 1)  the  utility  of  the  “signal  in  space”  from  each  transmitting  station  at  the  monitor  sites,  and  (2) 
the  .’reliability  of  signal  transmission,  in  terms  of  off-air  fraction  (as  measured,  not  as  reported),  and  con¬ 
sistency/continuity  of  signal  level  and  phase  stability.  Although  the  monitor  sites  represent  a  small  spa¬ 
tial  sample  compared  to  the  actual  global  usage,  the  data  from  these  sites  provides  a  useful  check  on  the 
signal  coverage  predictions  (see  Chapter  10).  Evaluating  station  reliability  based  on  the  monitored  sig¬ 
nal  depends  on  the  first  item  of  performance  evaluation  listed  above,  i.e.,  the  utility  of  the  propagated 
signal.  Station  performance  is  best  evaluated  by  combining  the  ODA  information  with  direct  informa¬ 
tion,  such  as  antenna  current  levels,  obtained  through  a  remote  data  access  (RDA)  link  to  each  station. 


8-36 


As  a  rcfcrcncc/archivc  source,  ODA  information  can  be  used  lo  identify  anomalous  signal  prop¬ 
agation  paths  at  a  monitor  site,  Two  commonly  employed  techniques  are  frequency  tracking  and  recipro¬ 
cal  path  analysis. 

Frequency  tracking  refers  to  comparison  of  measured  or  predicted  phasc/phabc-diffcrcnccs  val¬ 
ues  at  several  frequencies.  Frequency  tracking  is  built  on  the  assumption  that,  when  Omega  signal  prop¬ 
agation  to  a  monitor  is  not  subject  to  self-intcrfcrcncc,  the  measured  diurnal  .signal  phase  for  a  given 
station  will  only  differ  from  frequency  to  frequency  by  a  bias,  i.c,,  by  a  frequency-dependent  shift, 

Reciprocal  path  analysis  is  based  on  the  assumption  that  the  observed  phase  at  either  end  of  a 
"reciprocal  path"  should  be  nearly  identical  except  for  anisotropic  (dircction-dcpcnclcni)  propagation 
effects.  Examples  of  reciprocal  path  measurements  arc  phase  mcasurerncnls  of  1  lawaii  at  the  North  Pa' 
kota  station  monitor  and  measurement  of  North  Dakota  at  the  Hawaii  station  monitor.  The  anisotropic 
propagation  effects  are  generally  small  and  arc  (approximately)  incorporated  into  the  ITC  Model,  Tlius, 
reciprocal  path  difference  measurements  and  predictions  at  the  same  frequency  should  track  closely.  If 
they  do  not,  an  anomalous  path  condition  such  as  modal  interference  or  long-path  piopagation  is 
indicated. 

8.4  OMEGA  REGIONAL  VALIDATION 

By  the  late  1 970s,  the  Omega  Navigation  System  transmitting  station  network,  with  .seven  of  the 
eight  stations  operational,  was  nearing  completion.  At  this  time,  the  U.S,  Coast  Guard  and  IJ,S,  Navy 
initiated  a  wide-ranging  program  to  validate  the  predicted  coverage,  accuracy,  and  availability  of  the 
Omega  system,  The  overall  validation  effort,  termed  the  Omega  Regional  Validation  Program,  was 
designed  to  determine  worldwide  system  effectiveness  through  investigations  of  Omega  performance  in 
the  seven  regions  portrayed  in  Fig.  8.4-1:  the  Western  Pacific,  North  Atlantic,  North  Pacific,  South 
Atlantic,  Indian  Ocean,  South  Pacific,  and  Mediterranean, 

During  its  life,  validation  program  objectives  evolved  as  insight  into  Omega  signal  propagation 
increased.  For  example,  the  initial  validation  project  in  the  Western  Pacific  sought  to  determine  whether 
sufficient  signal  was  available  to  declar  e  the  system  operational  there,  and  whether  Omega  could  replace 
the  LORAN-A  system  in  the  region.  Also  the  initial  validation  projects  (see  Table  8,1-1)  placed  empha¬ 
sis  on  SNR  and  GDOP  as  measures  of  system  availability  and  effectiveness  and  on  the  collection  of  local 
phase  data  for  PPG  model  refinement.  However,  by  the  mid- 1 980s  the  significant  com i  ibutioii  of  n  lodal 
interference  and  long-path  signal  dominances  phase  interference  on  Omega  signal  usability  had  become 
apparent  and  use  of  the  Omega  Navigation  System  had  shown  that,  at  least  foi  icccivitig  sysicnis  using 
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information.  These  data  must  necessarily  be  collected  in  a  somewhat  controlled  environment,  i.e.,  under 
carefully  planned  test  conditions. 


Figure  8.4-2  provides  an  overview  of  the  methodology  employed  in  the  seven  regional  valida¬ 
tion  projects.  First,  theoretical  models  are  employed  to  predict  signal  levels,  SNRs,  and  phase  behavior 
within  a  region.  Next,  spatial  boundaries  outlining  area  of  significant  signal  behavior  are  determined. 
Such  areas  include  regions  of  marginal  signal  coverage  or  high  prediction  uncertainty,  e.g.,  modal  signal 
region.  Based  on  this  theoretical  guidance,  test  plans  arc  generated  for  data  collection  using  short-term 
land,  ship,  and  airborne  monitor  platforms,  These  data  as  well  as  data  from  long-term  Omega  monitor 
sites  are  then  analyzed  and  used  to  confirm/modify  existing  signal  coverage  predictions.  Finally,  a  re¬ 


port  is  produced  which  documents  the  project  including  the  test  plan,  data  sources,  analyses,  and  results. 


Long-ienn  Omega 
Monitor  Data 


Valiilatinn 

Report 


Figure  8.4-2  Overview  of  Validation  Project  Methodology 
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Four  types  of  monitor  platforms  were  used  to  provide  validation  project  data: 

•  Airborne 

•  Shipbome 

•  Short-tenn  land-based 

•  Long-term  Omega  monitor  sites. 

The  first  three  types  of  platfoniis  were  used  to  collect  data  over  the  comparatively  short  duration  (few 
weeks/montiis)  of  an  individual  validation  project  targeted  for  a  specific  region.  The  last  platform  type 
refers  to  sites  of  the  Long-term  Omega  Monitor  Network  used  to  supplement  the  data  collected  from  the 
short-term  platforms. 

Table  8.4-1  surrunarizes  the  types  of  data  collected  for  the  validation  projects  and  indicates  typical 
platform  instrumentation.  Data  collected  by  airborne  platforms  include  signal  amplitude  and  noise  mea¬ 
surements  from  calibrated  receivers  (see  e.g.,  Ref.  7)  as  well  as  position-fix  accuracy  (see  e.g..  Ref.  4)  from 
comparison  of  Omega  and  INS-derived  position.  In  some  cases  Cesium  reference  clocks  were  used  in 
combination  with  the  Omega  recei  ving  system  to  measure  singie-path  signal  phase  behavior.  Signal  ampli¬ 
tude  and  background  noise  data  were  also  obtained  from  short-term  land-based  sites  using  calibrated 
receivers  while  Long-term  Omega  monitor  sites  provided  SNR  and  phase/phase-difference  data.  Finally, 
shipbome  receivers  supplied  SNR  and  position-fix  data  (through  comparisons  of  Omega  and  TRANSIT- 
derived  position — Ref.  5),  Ship  and  airborne  transits  through  a  validation  region  also  served  to  sample  the 
spatial  coverage  of  individual  Omega  station  signals  accessible  to  the  region. 

Figure  8.4-3  shows  the  flight  paths  used  by  the  test  aircraft  for  the  Western  Pacific  (Phase  II) 
Omega  Validation  Project.  The  configuration  of  these  flight  paths  was  strongly  dictated  by  the  predicted 
spatial  modal  interference  patterns  for  the  Japan  and  Australia  transmitting  stations. 


Table  8.4-1  Validation  Test  Data  Summary 


PLATFORM 

TYPICAL  INSTRUMENTATION 

DATA 

Short-term  land- 
based  site 

"Calibrated"  MX  1104  receiver 

.Signal  amplitude/phase 

VLF  atmospheric  noise 

Shipbome 

MX  1105  receiver 

SNR 

Position-fix  accuracy 

Airborne 

Calibrated  receivers  wave  analyzers, 
high-precision  frequency  standards,  and 
operational  navigation  receivers 

Signal  amplitude/phase 

SNR 

VLF  atmospheric  noise 

Position-fix  accuracy 

Long-term  Omega 
monitor  site 

MX  1104  receiver 

Phase/phase-ditference 

SNR 

8-40 


Hawaiian 

Islands 


Sumatra  S- 


•  Amplitude  measuring  equipment  added  to  long-term  monitor  sites 
■  Short-term  monitor  site  operated  for  3-4  weeks 
O  Aircraft  maintenance/operating  bases 


Figure  8.4-3  Western  Pacific  Omega  Validation  Test  Program 
Aircraft  Flight  Paths  and  Fixed  Monitor  Sites 


8.4.2  Documentation 

As  a  part  of  each  Regional  Validation  Project,  a  report  was  issued  documenting  test  procedures, 
data,  models  and  analyses,  and  results  (Refs.  2  through  9).  The  content  and  scope  of  these  reports 
changed  over  the  period  of  the  Validation  Program  in  consonance  with  the  changes  in  the  goals/em¬ 
phases  of  the  validation  effort.  In  the  remainder  of  this  section,  summaries  are  given  for  each  of  the  seven 
Validation  Projects. 

Western  Pacific  —  This  project  was  conducted  in  two  phases  as  indicated  in  Table  8.1-1.  The 
main  goal  of  the  first  effort  (Ref.  2)  was  to  determine  if  Omega  coverage  and  accuracy  was  adequate  to 
replace  LOP..AV-A  in  the  region.  This  question  was  answered  in  the  affirmative.  Evaluations  were 
made  of  phase  and  position-fix  accuracy  for  the  region  and  a  map  was  developed  showing  LOP  coverage 
at  10.2  kHz.  The  second  phase  of  this  effort  (Ref.  9)  was  undertaken  after  the  Australia  transmitting 


8-41 


station  became  operational.  Data  collection  and  analyses  focused  on  validating  theoretical  predictions 
of  the  extent  and  location  of  self-interference  areas  within  the  validation  region.  In  the  main,  the  theoret¬ 
ical  self-interference  predictions  were  found  to  be  correct.  Recommendations  were  made  for  changes  to 
the  boundaries  of  several  modal  areas  based  on  the  data  analysis. 

North  Atlantic  —  This  effort  (Ref.  3),  like  the  Western  Pacific  Validation  Project,  was  initially 
planned  to  evaluate  Omega  as  a  replacement  for  LORAN~A  in  the  region.  With  completion  of  the  LO- 
RAN-A  phase-out,  the  effort  was  redirected  to  focus  on  determining  Omega  performance  in  the  region. 
It  was  found  that  Omega  signals  did  meet  marine/aviation  navigation  requirements  by  using  a  combina¬ 
tion  of  10.2  and  1 3.6  kHz  signals  to  provide  adequate  coverage  for  this  area.  Data  collection  resources 
were  concentrated  on  times  (hour/month)  consistent  with  available  theoretical  coverage  predictions, 
i.e.,  local  summer  noon  and  local  winter  midnight.  Sufficient  data  were  obtained  to  locate  the  predicted 
eastern  boundary  (through  the  eastern  U.S.)  of  the  modal  interf  erence  area  associated  with  the  Argentina 
station.  Modal  and  long-path  boundaries  (through  the  North  Atlantic  airlancs)  were  also  located  for  the 
Liberia  and  La  Reunion  station  signals,  respectively. 

North  Pacific  —  This  validation  effort  (Ref.  4)  showed  that  Omega  provides  excellent  naviga¬ 
tion  fix  accuracy  and  coverage  in  the  region  particularly  north  of  Hawaii.  This  is  achieved  through  a 
combination  of  good  GDOP  and  exceptional  signal  coverage  both  spatial  and  temporal.  As  part  of  the 
analysis  for  this  effort,  models  were  developed  describing  modern  Omega  receivers.  These  enabled  the 
coverage  results,  validated  in  this  region  for  local  summer  noon  and  winter  midnight,  to  be  extrapolated 
to  all  months  and  hours.  The  effort  also  confirmed  the  predictions  of  modal  interference  associated  with 
the  Hawaii  station  signals  and  the  long-path  behavior  in  this  region  of  .signals  from  the  Argentina  trans¬ 
mitting  station. 

South  Atlantic  —  For  this  effort  (Ref.  5)  theoretical  coverage  predictions  were  available  for  an 
expanded  set  of  hours/months  —  0600  and  1800  UT  and  February,  May,  August,  and  November  at 
10.2  kHz.  Data  collected  for  the  validation  indicated  good  Omega  coverage  and  accuracy  at  both  10.2 
and  1 3.6  kHz.  Analysis  of  self-interference  of  signals  from  the  Liberia  station  suggested  corrections  to 
the  predicted  modal  signal  boundary  for  these  signals. 

Indian  Ocean  —  This  effort  (Ref.  6)  was  the  first  in  which  theoretical  predictions  of  self-interfer- 
ence  were  available  at  both  10.2  and  13.6  kHz.  Emphasis  was  placed  on  evaluation  of  total  Omega  system 
performance  at  all  frequencies.  Good  Omega  cu  veiagc  and  accuracy  were  found  in  most  of  the  region.  The 
data  confirmed  theoretical  predictions  of  1 3.6  kHz  modal  signals  from  the  Liberia  station  and  supported  the 
need  to  generate  a  more  densely  sampled  set  of  modal  predictions  for  10,2  kHz  Japan  signals. 
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South  Pacific  —  For  this  effort  (Ref  7.),  greatest  emphasis  was  placed  on  validation/correction  of 
self-interference  predictions  —  particularly  interference  associated  with  irans-equatorial  and  low-latitude 
signal  paths.  Analyses  of  the  collected  data  indicated  that  Omega  signal  availability  and  accuracy  were 
adequate  for  navigation  purposes.  Relative  to  self-interference,  the  data  confirmed  most  predictions  of 
modal  signal  behavior  at  10.2  and  13.6  kHz  and  suggested  small  changes  to  the  near-station  modal 
boundaries  associated  with  the  Japan  and  Hawaii  station  signals.  Adjustments  were  also  suggested  for 
the  predicted  boundaries  for  long-path  propagation,  but  accurate  placement  of  the  boundaries  could  not 
be  determined  based  on  the  available  data. 

Mediterranean — This  final  validation  project  provided  ONSCEN  with  an  a  opportunity  to  uti¬ 
lize  the  Omega  system  availability  methodology/model  (see  Chapter  11  and  Appendix  C).  Frequency¬ 
tracking  analyses  for  the  data  collected  during  this  validation  effort  confirmed  the  self  interference 
predictions  for  both  10.2  and  13.6  kHz  signals,  and  the  effect  of  the  “Greenland  shadow”  on  reception  of 
the  North  Dakota  station  signal  in  the  eastern  Mediterranean.  The  data  also  confirmed  that  sufficient 
signal  combinations  were  available  in  both  the  eastern  and  western  Mediterranean  for  navigation  pur¬ 
poses,  From  analyses  of  the  GDOP  and  phase  errors  associated  with  these  signal  combinations  during 
the  times  at  which  they  are  available,  Omega  was  found  to  meet  the  system  design  goal  (2  to  4  nm  posi¬ 
tion  accuracy)  with  a  95%  availability  in  both  the  eastern  and  western  Mediterranean. 


8.5  PROBLEMS 

8.5.1  Sample  Problems 

1 .  Briefly  discuss  the  conditions  under  which  a  signal  could  exhibit  self-interference.  Why 

would  differencing  reciprocal  path  phase  data  serve  to  indicate  self-interference? 

Solution: 


a.  Modal  interference  and  long-path-dominant  signal  propagation  are  the  most 
common  forms  of  self-interference.  Both  types  of  interference  depend  on  the 
direction  of  propagation  of  the  signal,  i.e.,  if  the  effect  occurs  on  a  given  transmit¬ 
ter-receiver  path,  it  generally  does  not  occur  if  the  transmitter  and  receiver  are 
reversed.  If  propagation  is  normal,  the  signal  phase  recorded  on  the  two  recipro¬ 
cal  paths  appears  very  similar.  Thus,  the  reciprocal  path  difference  will  result  in 
small  values.  Because  of  the  direction  dependence,  however,  if  one  of  the  recip¬ 
rocal  paths  exhibits  self-interference,  the  other  reciprocal  path  is  not  likely  to,  so 
that  differencing  will  yield  large  values  over  the  time  period  of  interest,  e.g.,  over 
a  diurnal  period. 
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2.  Suppose  you  are  a  project  leader  in  the  Regional  Validation  Program  and  have  arranged 
for  equipment  to  measure  Omega  signal  amplitude  at  several  short-term  land-based  sites. 
You  need  to  measure  the  noise  in  some  bandwidth,  but  can  only  use  an  MX  1 104  receiver, 
since  the  amplitude-measuring  equipment  cannot  make  the  required  measurement.  With 
only  simple,  inexpensive  attenuators  (devices  that  reduce  signal  amplitude)  at  your  dis¬ 
posal,  how  can  you  use  the  MX  1 104  to  measure  noise  in  the  signal  bandwidth,  at  least  for 
those  cases  in  which  the  SNR  is  not  too  low? 

Solution 

a.  If  the  variable  signal  attenuators  are  connected  between  the  pie-arnplificr  and  the 
receiver  front-end,  they  primarily  act  to  reduce  the  signal  level  since  the  noise  in 
the  signal  bandwidth  is  as.sumed  to  be  dominated  by  the  signal.  By  adjusting  the 
attenuators,  the  output  SNR,  as  estimated  from  the  output  ot  the  phase-locked 
loop,  can  be  set  to  0  dB  (or  some  specified  positive  number).  This  means  that  the 
signal  and  noise  levels  are  equal  in  a  100  Hz  bandwidth  and  since  the  signal  am¬ 
plitude  is  independently  measured,  the  noise  level  (100  Hz  BW)  is  readily  deter¬ 
mined. 

8.5.2  Problems  to  be  Solved  by  Reader 

1.  Raw  MX  1104  phase  data  from  a  monitor  site  shows  a  value  of  649  at  hour  01  and  497  at 
hour  02  on  a  single-path  measurement  without  a  stable  clock  reference.  If  no  predictions 
are  available,  can  you  tell  whether  the  phase  increased  or  decreased  during  the  hour?  If 
predictions  were  available  and  showed  a  phase  increase,  how  would  you  reconcile  this  with 
the  observed  data?  Would  such  a  discrepancy  normally  occur  with  phase -dijference  mea¬ 
surements?  Why? 

2.  Most  Omega  receiveis  employ  a  PPC  model  for  adjusting  received  signal  phase.  De¬ 
scribe  why  signals  affected  by  self-interference  cannot  be  corrected  by  this  model.  What 
can  a  user  do  about  signals  with  self-interference? 


8.6  ABBREVIATIONS/ACRONYMS 

PPC  Propagation  Correction 

ONSCEN  Omega  Navigation  System  Center 

SNR  Signal-to-Noise  Ratio 

ODA  Operational  Data  Analysis 

UT  Universal  Time,  i.e.,  Greenwich  Mean  Time 

psec  microsecond 
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PCD 

Polar  Cap  Disturbance 

dB 

decibels 

LOP 

Line-of-Position 

XEVENT 

File  containing  time/duration  of  anomalous  events  during  which  all  signal  measure¬ 
ments  are  flagged 

SID 

Sudden  lonspheric  Disturbance 

GDOP 

Geometric  Dilution  of  Precision 
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CHAPTER  9 


SIGNAL  PHASE  PREDICTION  MODEL 


Chapter  Overview  —  Omega  navigation  is  fundamentally  based  on  measurement  of  the 
Omega  signal  phase,  but  this  phase  musi  be  “corrected”  for  signal  propagation  effects  be¬ 
fore  it  can  be  used  for  navigation.  This  chapter  explains  the  need  and  basis  for  the  signal 
phase  corrections,  known  as  Propagation  Corrections  (PPCs),  and  describes  the  prediction 
model  used  to  calculate  the  PPCs.  Section  9.1  summarizes  the  major  technical  issues  in  the 
chapter  and  provides  a  brief  historical  sketch  ofPPC  model  developmetit.  The  basic  rela¬ 
tionships  among  cumulative  phase,  received  phase,  lanes,  and  distance  over  the  earth  are 
explained  in  Section  9.2.  This  section  also  discusses  how  the  received  signal  phase  is  trans- 
fonned  into  the  “nominal’'  phase  model  through  use  of  the  signal  phase  predictior  model, 
often  referred  to  as,  simply,  the  PPC  model.  Section  9.3  presents  an  overAew  of  PPG  model 
structure  and  computational  flow  in  terms  of  path  definition,  sub-model  classification,  and 
temporal  modification.  Calibration  and  evaluation  of  the  semi-empirical  PPC  model  with 
respect  to  signal  phase  measurements  at  Omega  monitor  sites  are  described  in  Section  9.4. 
Also  in  this  section,  the  signal  prediction  pcrfortyiance  of  various  PPC  models  with  respect  to 
.several  measurement  databases  are  compared  attd  discussed.  Section  9.5  is  an  appendix 
which  provides  a  thorough  treahnent  of  the  PPC  model,  including  its  semi-empirical  form, 
representation  of  basic  physical  processes,  and  spatial/temporal  structure.  Problems,  in¬ 
cluding  worked-out  examples  and  those  to  be  attempted  by  the  reader,  are  included  in  Sec¬ 
tion  9.6.  Abbreviations  and  acronyms  used  in  the  chapter  are  given  in  Section  9.7  and 
references  cited  in  the  chapter  are  found  in  Section  9.8. 


9.1  INTRODUCTION 

9.1.1  Basis  for  a  Signal  Phase  Prediction  Model 

The  principles  of  Omega  signal  usage  for  navigation  are  based  on  the  premise  that  the  phase  of  a 
signal  received  from  a  transmitting  station  is  closely  related  to  the  station-receiver  distance  (see  Chap¬ 
ter  4).  Ideally,  changes  in  Omega  signal  phase,  as  measured  on  a  moving  platform,  bear  a  fixed  linear 
relationship  to  corresponding  changes  in  the  position  of  the  platform  over  the  surface  of  the  earth.  With 
this  idealization,  navigation  and  positioning  are  relatively  simple  procedures  that  involve  only  the  signal 
frequency  and  station  locations,  in  addition  to  the  phase  measurement. 

In  the  case  of  Omega,  however,  signals  propagate  to  very  long  ranges  and  are  substantially  in¬ 
fluenced  by  spatial  and  temporal  variations  in  the  electromagnetic  and  geophysical  properties  of  the 
earth  and  ionosphere.  These  effects  on  the  received  signal  phase  lead  to  a  marked  departure  from  a  linear 
dependence  on  distance,  thus  greatly  complicating  use  of  the  signals  for  navigation.  To  make  the  signals 
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usable  for  navigation,  the  complex  propagation  effects  must  therefore  be  eliminated  or  reduced. 
Assuming  that  this  elimination  or  reduction  is  possible,  how  can  it  be  most  reliably  and  effectively 
achieved?  Over  the  years,  several  methods  have  been  developed  for  eliminating  or  reducing  the  complex 
signal  propagation  effects  on  navigation  and  positioning.  These  methods  may  be  categorized  as: 

•  Internal  —  Corrections  are  derived  from  the  characteristics  of  the  received  signals 
(at  one  or  more  frequencies) 

•  External  —  Coixections  are  derived  from  external  sources. 

One  of  the  internal  methods  that  was  used  in  earlier-generation  receivers  consists  of  simply 
subtracting  the  signal  phases  at  two  of  the  frequencies  (e.g.,  10.2  and  13.6  kHz)  transmitted  from  the 
same  station.  To  eliminate  propagation  effects,  this  procedure  (which  is  similar  to  the  method  for 
resolving  lanes)  relies  on  the  assumption  that  propagation  effects  at  the  two  frequencies  are  completely 
correlated.  In  reality,  the  propagation  effects  at  the  two  frequencies  are  only  partially  correlated,  so  that 
the  complexity  of  the  resulting  signal  is  lessened  but  far  from  eliminated.  A  related,  but  improv  ed 
internal  method  is  to  take  the  appropriate  linear  combination  of  the  signal  phases  at  the  two  frequencies, 
i.c.,  the  combination  that  minimizes  the  variation  over  24  hours  (diurnal  variation).  This  technique, 
known  as  Composite  Omega  (Ref.  1),  reduces  the  diurnal  variation,  but  does  little  to  reduce  the  spatial 
variation,  i.e.,  the  wide  range  in  phase  behavior  exhibited  by  equal-length  paths  during  the  same  time 
period  over  substantially  different  electromagnetic  and  geophysical  environments. 

The  external  methods  used  to  reduce  the  effects  of  the  propagation  path  environment  on  signal 
phase  include  primarily  real-time  corrections  (broadcast  locally)  or  predicted  corrections  in  the  form  of 
published  tables  or  algorithms.  Real-time  corrections  are  provided  by  differential  Omega  systems  (see 
Chapter  4)  in  certain  local  areas.  These  corrections  are  supplied  to  the  receiver  via  a  data  link  (usually  an 
LF  beacon)  based  on  the  processing  of  observed  signals  at  a  central,  surveyed  monitor  site.  Corrections 
are  accessible  to  receivers  in  the  local  area,  i.e.,  within  about  200  to  500  nm  of  the  monitor  site.  Predicted 
phase  corrections,  known  as  propagation  coirections  or  PPCs,  are  available  as  published  tables  or 
computational  algorithms.  PPCs  are  computed  from  semi-empirical  models  of  VLF  signal  phase, 
incorporating  both  signal  propagation  theory  and  observational  data  from  worldwide  monitor  sites. 
PPCs  are  generally  considerably  more  accurate  than  the  internal  methods  described  above  but  less 
accurate  than  real-time  differential  corrections  (in  the  local  areas  where  they  apply).  Compared  to 
differential  corrections,  PPCs  have  the  advantage  that  they  apply  globally  (with  varying  degrees  of 
accuracy).  For  these  reasons,  application  of  PPCs  is  currently  the  most  common  method  of  reducing  the 
undesired  effects  of  the  signal  propagation  environment  on  the  received  Omega  signal  phase. 
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9.1.2  Principal  features  of  Propagation  Correction  (PPC)  Models 

A  PPC  model  is  es:  ^nlially  a  description  of  how  the  phase  of  the  Omega  signal  changes  with 
disiance  and  lime  between  the  generation  of  the  signal  at  the  transmitting  station  and  its  detection  at  the 
Omega  rcccivct  .  A  complete  theoretical  description  of  the  propagation  cf  the  signal,  accounting  for  its 
irnermediaie  interaction  with  the  Cutth  and  ionosphere  signal  environment  is  not  only  extraordinarily 
complex,  but  also  Insufficiently  accurate  for  phase  prediction.  This  inaccuracy  is  due  partly  to  the 
assumptions  and  approximations  made  to  derive  expression?  for  the  field  quantities  and  partly  to  the 
uncertainly  in  the  physical  values  of  ground/ion  pl-ere  electromagnetic  parameters.  The  other  extreme 
is  a  purely  ernpirica)  approach,  in  which  only  measurements  of  signal  pha,sc  at  fixed  points  in  space  and 
time  ,rre  used:  it  is  not  reliable  wh'^n  exieuded  bcyo.nd  the  spatial  and  temporal  specifications  of  the 
ireasurcmcr-ls,  Inlernicdiatc  between  these  two  types  of  models  is  the  semi-empirical  model,  which 
combine.^  all  the  cssertial  elements  of  .signal  propagation  theoiy’  with  actual  measurements  of  signal 
phase.  A  semi-unpiiical  model  is  well-suited  for  Omega  signal  phase  calculations,  since  it  is 
Mibsiantiuljy  simpler  and  gcncral'y  more  accurate  than  a  purely  theoretical  calculation  and  it.>  range  of 
application  is  much  greater  than  a  purely  empirical  mode!, 

A:",  mentioned  in  Section  9, 1.1,  (he  FPC  is;*  predicted  lime-  and  space- dependent  quantity  which, 
when  combined  witli  a  phase  me.tsuremeni,  removes  the  complexities  and  non-linearities  due  to 
interaction  of  the  sigtiul  wiih  tire  propagation  cnviromiicnt.  In  ••  (uc  PPC  transforms  the 

measured  phase  value  into  one  tliat  follow'  the  so  called  “iiom  .'  se  variation,”  This 

means  that  it  aiecoiver  records  ptias"  d.ita  at  increasingly  djitai '  fitting  .station  and 

the  ai'ip.  Djiriale  l^I’C  is  ajiplicd  at  each  point,  trie  resultiiig  pliasc  w  d  ■  ji  disU'.nce  with  slope 

gi'.eii  h)'  the  I'omin.il  wave  l,i  the  nominal  model  ot  plm,  ..  ..uoR.  the  cumulative  signal 

phase  is  a  linear  nincir'.ri  ol  disiaiiCc  lifCii  the  t.ansmiiurig  '.taiiuii  lor  all  possible  receiver  locafion.s  and 
time--.  The  I'I'C  niodel,  itien,  attempt  !  (u  ctiaij.'Cteii/c  the  varialioii  of  the  aeiual  (.ex[)ecled)  phase  froni 
llie  coricsponding  numiiKil  jil.ase. 

because  the  nomhia!  ptuisc  tiKikes  uj)  most  (about  'J'f't } ,  .  t  1  cumulative  phase  for  ty|iical 
jiatlis,  as  illusUa'ed  in  big.  9. 11,  the  Pl’C  is  a  cumpar,  •  ci y  si  ,  ifity,  varying  from  about  --2.0  to 

■+ 2,(Jcyi.  les  at  10.2  kJ  1/ and  slightly  uuae  Uar  the  higiliei  'il  lenc’  5.  'Ihus.th'  I'i'Ccuiibe  thought  of  as 
a  cmieelio:)  that  i,  limiiuitf-,  iln;  "pcila.'baliun''  ll.■prc^e•llle•d  i*}  the  depaiiuie  of  the  Iriie  jdiusc  fioiii  the 
noiui'iiil  jdiasc  s.iliic;  ihu  pcimibalivc  [iioju  iiy  fias  irnulicatioiis  Ini  modeiing  (sec  Sci.tion  9.5g 
Jlrsi'les  has'iiif  a  lelalisclv  Miiall  uuuMihudi-  i'i<'  )’!'(  :i  strut.  si'.;iti;il  s  ajh!'!''!!,  c'j.mpaied  the 
iiiiihilMl  I  b.i  ,e  (see  1  ig  9. 1  ■  1  j  'I  lils  j.iopeity  li.is  the  very  ’iijioilaiit  pi  ac  tie  a!  eousesj'jeiiec  that  ,  I'I’t 
t  ,u,  he  .ijiplied  wiihoiil  jutv  isc  ki.owledg.'  ol  posilion  In  1  ai.t,  i|  Ihi-,  weie  ni  l  liie  e.ise,  (h'irg,.i  eould  nc-i 
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Figure  9,1-1  Comparative  Spatial  Variation  of  Nominal  Phase  and  PPC 

effectively  be  used  as  a  navigation  system,  since  precise  knowledge  of  position  would  be  necessary  to 
compute  the  PPC  which,  in  turn,  is  used  to  compute  position!  Because  of  the  relatively  low  sensitivity  to 
spatial  position,  the  PPC  can  be  applied  to  measurements  with  position  uncertainties  as  large  as  65  km 
with  practically  no  resulting  position  accuracy  degradation. 

Keep  in  mind  that  the  PPC  k  a predictei!  qmntiiy  and  thus,  when  combined  with  an  actual  phase 
measurement,  docs  not  always  remove  the  phase  nonlincaritics  due  to  propagation  effect.')  These 
imperfections  lead  to  PPC  errors  phase  predichon  errors  in  which  combination  of  the  erroneous  PPC 
and  the  phase  measurement  result  in  ari  incorrect  nominal  phase-  value  that,  in  turn,  produces 
navigation/position  errors.  An  c^act  PPC  differs  from  *hc  usual  PPC  derinition  in  that  it  is  the  result  of  a 
mcusuremci’t  of  actual  signal  phase  (c.g.,  at  a  monitor  site)  subtracted  from  the  nominal  signal  phase. 
Thus,  in  Fig,  9,l-l,  the  curve  maiked  Total  Phase  is  the  predicted  phase  when  the  PPC  curve  (shown 
along  the  buiioi  axis)  is  predicted,  but  the  Total  Phase  is  the  observed  phase  when  the  PPC  curve 
is  exact. 

PI*C  models  arc  slrueturcd  to  represent  thcprcdictcdphr.se  variatic  i  (from  tnc  nominal  phase)  ( l 
a  tiaiisiniiicd  signal  at  a  given  point  In  space  and  time  as  a  double  suinof  inercm''nU(l  phase  values,  I'iisl, 
the  jiatli  over  ine  ea/'.ti,  between  llit  transiniucr  and  receiver,  is  broken  into  path  segments,  a*'out  05  kjn 
i;'i  h  iigt'i,  7  liv  ineieneiUal  phase  s'ariatiun  at  each  .scgmenl  is  cxjircsse'J  as  a  sum  of  cu,.  p  ^oent  jihase 
\ai.  iiiOi;s  due  ti.  vaiioiis  clei;ti.,>uugnetic''gcophy'i)ea)  elteeis,  such  as  gim'iul  eor'Jucti‘-it\  and  lelativc 


sun  angle.  These  component  phase  variations,  defined  as  sub-models,  are  products  of  mathematical 
functions  (functional  forms)  of  the  governing  parameters  (such  as  geomagnetic  bearing  angle)  and 
linear  model  coefficients.  The  total  phase  variation  for  a  path  is  the  sum  over  the  incremental  pha.se 
variation  at  each  segment  of  the  path. 

The  mathematical  functions  specified  by  each  sub-model  are  approximate  representations  of  the 
analytical/observational  behavior  of  the  phase  as  obtained  from  theoretical  calculations  or  experimental 
results.  These  calculations  are  based  on  an  important  class  of  full-wave  models,  known  as 
waveguide-mode  models,  in  which  the  signal  field  is  expressed  as  a  sum  over  the  modes  of  the 
waveguide.  In  most  cases,  the  “dominant”  mode  is  the  lowest  phase  velocity  transverse  magnetic  mode, 
which  is  usually  known  as  Mode  1  (see  Chapter  5).  Except  for  signals  that  propagate  over  very  short 
paths  or  along  westerly  directed  nighttime  paths,  the  Mode  1  component  usually  dominates  the  total 
signal  behavior  at  Omega  frequencies.  It  also  happens  that  Mode  1  signal  phase  behavior  (in  terms  of 
quantities  such  as  ground  conductivity  and  geomagnetic  field  components)  is  much  simpler  than  that  for 
higher-order  modes.  For  these  two  reasons,  the  functional  forms  used  in  PPC  models  are  approximations 
to  the  Mode  1  behavior  derived  from  waveguide  mode  models.  Thi.s  is  an  important  point,  because  it 
implies  that,  where  (in  both  space  and  time)  Omega  signals  are  not  adequately  represented  by  Mode 
1 -dominated  behavior,  PPCs  cannot  be  applied.  This  is  the  principal  reason  why  signal  coverage 
products  (see  Chapter  10)  portray  ‘modal”  regions  and  times  (those  for  which  the  signals  from  a  given 
station  are  not  expected  to  be  dominated  by  Mode  1  behavior)  as  unusable  for  Omega  navigation. 

Because  Omega  signal  phase  on  a  transmitter-receiver  path  differs  dramatically  between 
path-night  and  path-day,  the  functional  forms  for  the  sub-models  arc  separately  specified  for  "local 
maximum  day”  and  “local  maximum  night,”  This  means  that  separate  functional  forms  are  obtained  as 
approximations  to  wavcguidc-modc  model  calculations  for  .short  paths  in  which  the  local  ionosphere  has: 

*  Minimum  Effective  Reflection  Height  —  corresponding  to  local  maximum  day, 
when  the  sun  is  directly  above  the  local  ionosphere 

•  Maximum  Effective  Reflection  Height  —  corresponding  to  local  maximum  night, 
when  the  sun  is  directly  above  the  antipode*  of  tiiC  local  iono.sphcrc. 

1  or  intcrnicdiatc  times  (or,  equivalently,  sun  angle),  a  linear  combination  of  the  local  maximum  day  and 
local  niaxinium  night  sub-models  arc  invoked.  The  linear  ct'mbination  is  implemented  through 
iaterpolation  or  evolution  fijr,clio;.s  (liat  depend  on  several  parameters  in  addition  to  sun  angle.  The 
ch;uactcr;itics  ol  these  (umcuoiis  are  i/,ip(in.trit,  since  pl.;-..e  can  change  rapidly  over  periods  of  less  tlian 

i  I  iiuui. 

’^J'oint  on  the  tanh  opposite  to  (diroiigh  the  center  of  tlic  e.irlh;  tlie  point  in  qucslinn, 
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As  defined  above,  a  sub-model  is  the  product  of  a  functional  form  (one  or  more  mathematical 
functions  including  the  domain  of  application)  and  a  linear  model  coeffiricni.  The  linear  model 
coefficients  are  not  known  a  priori  and  are  inserted  into  the  semi-empirical  model  framework  to 
partially  account  for  the  errors  incurred  in  approximating  the  full  theoretical  model  structure.  Thus,  for 
example,  if  the  linear  dependence  postulated  by  the  semi-empirical  model  were  completely  correct  and 
in  full  agreement  with  noise-free  measurements,  the  coefficients  would  ail  be  unity  (or  a  single,  fixed 
number).  Because  the  linear  model  does  not  fully  describe  the  phase  variation  in  terms  of  the 
geophysical  and  electromagnetic  parameters  in  the  signal  propagation  environment,  the  linear  model 
coefficient  set  is  not  characterized  by  a  single  number  and  must  be  determined  through  calibration. 
Model  calibration  consists  of  determining  the  appropriate  linear  model  coefficients  (and,  in  some  cases, 
embedded  nonlinear  parameters)  that  best  “fit”  a  large  number  of  phase  or  pliasc  difference 
measurements  recorded  at  Omega  mionitor  sites  throughout  the  world,  Thus,  although  it  is  structured  by 
theoretical  principles,  the  semi-crnpirical  PPC  miodcl  is  strongly  “data  driven,”  which  heightens  the  need 
for  high-quality  data  in  the  calibration.  When  fully  calibrated  (i.c.,  when  all  coefficients  arc 
satisfactorily  determined),  the  model  performance  is  measured  by  the  RMS  phase  prediction  error  over 
measurements  both  inclusive  and  exclusive  of  those  u.scd  in  the  calibration.  If  the  model  is  sufficiently 
robust,  i.e,,  if  the  calibration  data  represents  a  suitable  cross  section  of  the  expected  opeiating 
environment,  the  test  performance  will  be  comparable  to  the  calibration  performance. 

9.1.3  Historical  Development  of  PPC  Models 

The  importance  of  PPCs  was  recognized  from  very  early  in  Omega’s  history.  J.A.  Pierce  was  the 
first  to  propose  simple  corrections  based  on  day/night  considerations  (Ref.  2).  The  Naval  Electronics 
Laboratory  (now  known  as  Naval  Command,  Control,  and  Ocean  Surveillance  Center  (NCCOSC)) 
began  an  extensive  theoretical  and  experimental  investigation  of  Omega  signal  propagation  jjrcdiction 
in  tlie  1960s,  which  laid  the  grouiidv/ork  for  a  scmi-cmpirical  Omega  phase  prediction  model. 
E.R.  Swanson  of  NOSC  led  the  development  effort  which  rcsuIlcU  in  a  model  based  on  path 
segmentation  and  waveguidc-mode  theory  (Ref.  3).  A  rudimentary  form  of  the  model  was  produced  in 
the  late  1 960s  but  the  first  widely  disseminated  model  documentation  appeared  in  1 974  (Ref,  4)  after  the 
U.S.  Coast  Guard  had  taken  over  responsibility  for  Omega  system  engineering,  operations,  and  user 
support,  In  1980,  a  major  re-calibration  of  (he  1974  PPC  model  .strucUire  was  u.idcrtaken  using 
llirec-lreq'iency  data  acquired  fiom  a  global  distribution  of  monitor  sites  (Ref,  5)  The  only  major 
change  to  the  model  structure  was  the  addition  of  a  long-term  lime  submodel,  'I'his  submodel  was 
intended  to  cajMurc  the  effect  of  assumed  ionosphere  ‘'hardening"  (increased  ionization)  by  a  fised 
peiceiUage  incu'asc  eacli  ycai  (due  to  a  corresponding  growth  in  iiidu^tiial  emissions)  thus  leading  to  a 


long-term  exponential  increase  in  phase  variation.  By  1989  this  sub-model  had  exceeded  the  projection 
of  its  calibration  time  frame  (Ref.  6),  i.e,,  continued  use  would  have  lead  to  increased,  rather  than 
reduced,  phase  prediction  error.  As  a  re.sult,  the  Omega  community  was  notified  that  the  sub-model 
should  be  effectively  deleted  (Ref.  7). 

The  PPCs  based  on  the  1980  PPG  model  calibration  showed  a  significant  improvement  over 
those  of  the  1974  model.  However,  subsequent  usage  and  experimentation  revealed  some  shortcomings 
in  addition  to  those  that  may  be  due  to  the  predicted  long-term  year-dependent  variation.  Most  of  the 
reported  la'gc  errors  resulting  from  the  model’s  predictions  were  associated  with  transition  paths,  i.e,,  a 
sunrisc/sunset  terminator  lies  between  the  transmitter  and  receiver.  The  source  of  these  large  errors  was 
found  to  be  in  the  .specification  of  the  sunrise/sun.sci  phase  on.sct  lime.  In  other  words,  all-night  or  all-day 
phase  behavior  (for  a  given  path)  changes  relatively  little,  but  if  thepai'i  is  undergoing  sunrise  or  sun.sct 
transition,  the  changes  in  pha.se  can  be  large  and  sudden.  An  error  in  specifying  the  time  of  onset  for 
thc.se  change;;  can  lead  to  large  phase  errors  during  and  beyond  transition  as  shown  in  Fig.  9.1-2,  The 
transition  onset  time  specified  by  the  1980  PPG  Model  is  believed  to  have  a  large  uncertainty  because: 

•  No  explicit  transition  sub-model  with  calibration  coefficients  is  invoked 

•  No  transition  pha.se  data  was  used  for  model  calibration. 


Figure  9.1-2  Phase  Pjcdiction  lirror  Due  to  Sunrise 
Unset  'l  ime  Prediction  lirior 


Because  of  these  limitations  in  the  1980  PPC  Model,  the  Omega  Navigation  System  Center 
(ONSCEN)  initiated  an  effort  to  develop  a  new  PPC  model  structure.  The  result  of  this  effort  is  referred 
to  as  the  1 993  PPC  Model,  it  is  specifically  tailored  to  fit  observed  transition  (where  the  path  is  part  night 
and  part  day)  phase  profiles  through  the  use  of  sunrise/sunset  onset/recovery  time  parameters  (Ref.  8). 
The  1993  PPC  Model  has  been  calibrated  for  10.2  kHz  signals  using  mostly  1988  data  from  16  monitor 
sites  uniformly  distributed  over  the  globe  (Refs.  10  and  20-26).  Though  based  on  a  set  of  path-limited 
measurements,  the  calibration  results  give  preliminary  indications  that  the  1993  PPC  Model  is  accurate 
and  robust. 


9.1.4  Use  of  PPC  Models 

A  candidate  PPC  model/algorithm  undergoes  rigorous  testing  and  evaluation  and,  if  successful, 
is  authorized  by  ONSCEN  for  use  by  the  general  public.  The  existence  of  a  new  PPC  model  is  generally 
communicated  through  informal  channels,  e.g.,  papers  presented  at  the  International  Navigation 
.Association  (formerly  the  International  Omega  Association;  see  Chapter  2)  or  at  navigation-oriented 
.symposia.  Upon  request,  ONSCEN  provides  a  package  containing  a  documentation  of  the  PPC 
inodel/algorithm,  a  hard  copy  of  the  source  code,  copies  of  the  executable  and  source  codes  in  magnetic 
medium,  and  a  program  user  guide  (Ref,  27). 

Omega  receiver  manufacturers  make  up  an  important  segment  of  PPC  model  users.  The 
manufacturers’  software  engineers  normally  revise  the  algorithm  only  to  the  extent  that  the  code  “fits” 
the  particular  computing  environment  used  by  the  receiver/processor.  For  example,  the  spatial 
rc:ol'ttion  of  the  ground  conductivity  map  may  be  reduced  due  to  data  storage  requirements  or  an 
exponential-type  functional  form  may  be  approximated  by  a  piecewise  linear  function.  The  basic 
.structure  of  the  algorithm  is  usually  unaffected  by  the.se  changes,  however. 

9.1.5  Outline  of  Chapter 

The  basic  concepts  involving  cumulative  phase  and  distance  over  the  earth  are  outlined  in 
Section  9.2.  Thi.s  section  includes  a  discussion  of  the  nominal  phase  model  and  multi-frequency  PPCs. 

Section  9.3  present.*,  an  overview  of  the  generic  structure  of  the  PPC  model.  The  description  is 
intentionally  general,  making  it  applicable  to  most,  if  not  all,  PPC  models  in  use.  Included  in  this  section 
arc  the  structural  components  of  PPC  models,  including  sub-models,  path  domains,  and  time 
dependence, 

PPC  inodci  calibration  is  covered  in  Section  9.4.  This  section  covers  data  preparation,  linear  and 
nonlinear  model  parameter  dcterniination,  and  model  performance. 
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A  more  detailed  description  of  PPC  model  structure  is  included  as  an  appendix  in  Section  9.5. 
This  section  addresses  the  physical  basis  for  a  generic  PPC  model  and  the  technical  issues  involved  in  its 
development. 

Section  9.6  contains  problems  related  to  the  material  presented.  Both  sample  problems  (with 
solutions)  and  problems  to  be  solved  by  the  reader  are  given. 

Abbreviations  and  acronyms  are  briefly  defined  in  Section  9.7.  References  called  out  in  the 
Chapter  text  are  listed  in  Section  9.8. 


9.2  BASIC  CONCEPTS 

Omega  propagation  corrections  (PPCs)  are  those  predicted  phase  values  which,  when  applied  to 
the  Omega  signal  phase  measurement,  provide  a  linear  phase  versus  distance  relationship.  The 
relationship  of  the  “true”  signal  phase  to  the  measured  signal  phase  is  explored  in  Section  9.2.1.  The 
PPC  is  a  computed  quantity  that  provides  an  estimate  of  the  actual  received  phase  at  a  given  location  and 
time  with  respect  to  a  reference,  or  nominal,  phase.  The  nominal  phase  model  is  described  in  more  detail 
in  Section  9.2.2.  The  PPC  is  described  in  terms  of  the  “true”  and  the  nominal  phase  values  in 
Section  9.2.3. 


9.2.1  Signal  Phase  and  Laning 

Given  that  an  Omega  transmitting  station  generates  a  signal  at  a  precisely  controlled  frequency, 
i.e.,  A  sin(2jr/r)  ;  [  >1  =  amplitude  /  =  frequency;  t  =  time  ]  , 

then  the  signal  observed  at  some  distant  point  is  given  by 

B  sin  {2st(ft  --  0))  ;  [0  =  phase] 

where  \B\  <  lAI.  For  a  plane  electromagnetic  wave  having  a  source  at  r  =  0,  the  phase  is  given  by 
^  ~  k  '  r  [  k  ~  w'ave  vector  ;  r  =  position  vector  ]. 

The  magnitude  of  the  wave  vector  is  called  the  wave  number  and  is  equal  to  the  reciprocal  of  the 
wavelength  (2)*,  i.e., 

)  k  I  "  wave  number  =  1/A  (9.2-1) 


*An  alternative  definition  of  the  wave  number  used  in  many  texts  h  k  ~  Znf/c  =  2ji/A. 
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The  electromagnetic  field  of  the  Omega  signal  propagates  as  shown  in  Fig.  9.2- 1  in  the  comparatively 
thin  shell  (about  0.01  earth  radius)  between  the  earth  and  the  ionospheric  D-region.  Thus,  the  wave  may 
be  treated  as  confined  to  the  surface  of  a  spherical  earth,  so  that,  between  two  points  on  the  surface,  the 
wave  travels  along  the  arc  of  a  great  circle.  In  the  plane  of  the  great  circle,  only  a  single  angular 
coordinate  is  required  to  define  the  point  of  phase  measurement  and  corresponding  w?’  e  number,  so  that 
the  phase  is  given  by 

~  Vq  [  =  angular  wave  number  ;  Vq  =  Q  Rg]  (9.2-2) 


where  0  is  the  angle  (in  radians)  subtended  by  the  transmitter-receiver  path  at  the  center  of  the  earth  and 
is  the  earth’s  average  radius.  A  similar  expression  is  obtained  for  the  phase  of  a  signal  propagated 
over  a  non-spherical  (e.g.,  spheroidal)  earth. 


The  expression  for  phase,  given  by  Eq.  9.2-2,  is  sometimes  known  as  the  cumulative  phase. 
Thus,  for  example,  if  the  wavelength  is  30  km  and  the  distance  from  the  transmitting  station  is  3015  km, 
the  cumulative  phase  is 


<f>  =  (1/30)  (3015)  =  100.5  cycles 


Great-Circle 
Path 


Omega 


C-32I4I 


Earth’s 

Surface 


Propagation  of  Oniepa  Signals  Conrined  to 
Shell  Region  Betwe'*'.  Earth’s  Surface  and 
loncsphEric  O-Regiu. 


Figure  9.2-1  Idealized  Propagation  Environment  for  Omega  Signals 
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The  cumulative  phase  is  composed  of  an  integer  part  (100  in  this  example)  and  a  fractional  part  (0.5  in 
this  example).  Since  cycles  of  a  single-frequency  wave  “look  alike,"’  an  Omega  receiver  cannot  directly 
measure  the  whole  number  of  cycles  developed  by  the  wave  over  the  path  from  the  transmitting  station, 
i.e.,  the  integer  part  of  the  cumulative  phase.*  Thus,  in  the  above  example,  an  Omega  receiver  would 
measure  0.5  cycle  (or,  equivalently,  180°  or  jr  radians)  but  the  same  measurement  would  result  if  the 
integer  part  of  the  cumulative  phase  were  2, 87,  or  234  cycles.  This  can  be  illustrated  by  noting  that  the 
received  signal  is  alternately  expressed  as 

B  sin  Ojt{ft  +  n  +  a))  =  B  sin  (2jc(fi  +  a)) 
for  any  integer  value  of  n.  These  findings  may  be  summarized  by  noting  that 

•  In  terms  of  wavelength,  the  cumulative  phase  is  composed  of  an  integer  part  (whole 
number  of  cycles)  and  a  fractional  part 

•  The  Omega  receiv--  r  measures  only  the  fractional  part  of  the  cumulative  phase 

•  Since  the  total  cumulative  phase  is  important  for  navigation/positioning,  the  integer 
part  must  be  obtained  from  external  information. 

The  external  information  refeircd  to  includes  approximate  knowledge  of  the  transmitting 
station-receiver  path  distance  or,  in  the  case  of  moving  receiver,  precise  knowledge  the  transmitting 
station-receiver  distance  at  an  earlier  time. 

If  a  marker  is  made  at  the  station  and  at  each  wavelength  on  the  station-receiver  path,  the  spatial 
intervals  between  markers  serve  to  define  lanes,  over  which  the  phase  varies  from  0  to  2n:  radians  (see 
also  Chapter  4),  More  generally,  a  lane  is  defined  as  the  largest  spatial  interval  (a  signal  wavelength,  in 
this  case )  that  can  be  unanibiguously  related  to  a  difference  in  phase  measurements  at  a  single  frequency. 
Over  the  two-dimensional  surface  of  the  eaith,  these  lanes  form  annuli,  one  wavelength  wide,  that  are 
centered  at  the  transmitting  station.  Lanes  can  be  numbered  or  otherwise  identified  so  that  the  problem 
of  determining  the  integer  part  of  the  cumulative  phase  is  equivaleiit  to  the  problem  of  determining  the 
appropriate  lane.  The  uncertainty  regarding  the  integer  part  of  the  cumulative  phase  is  known  as  lane 
ambiguity. 

As  an  example  of  the  application  of  PPCs,  consider  two  successive  measurements  of  the  phu,sc  of 
a  transmitting  station  signal  using  a  receiver  attached  to  a  moving  vehicle  (.see  Fig.  9.2-2).  Suppose  the 

*In  principle,  one  could  infer  the  number  of  cycles  from  the  pulse  envelope  arrival  time  measurement 
(assuming  the  Omega  receiver  is  tinie-synnronized  to  the  station  liming  standard)  but.  because  of  the 
na,!Tow  bandwidths  involved,  the  inca,surcmcnt  is  very  imprecise. 
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Phase  Measurement 


Station 

Figure  9.2-2  Application  of  PPC’s  to  Two  Phase  Measurements 

two  raw  phase  measurements  arc  labeled  <p  and  that  0  j  is  made  when  the  vehicle  is  at  distance  /‘i 

from  the  transmitting  station  and  02  is  made  when  the  vehicle  is  at  distance  from  the  transmitting 
station.  When  the  appropriate  PPCs  (which  are  functions  of  position  and  time)  are  added  to  each  raw 
phase  measurement,  i.e., 

0j'  =01  +  PPCj  ;  02*  =  02  ■!"  PPC2t 

the  resulting  phase  change  is  proportional  to  the  change  in  distance  from  the  transmitting  station,  i.e., 

^2'-0i'=^:(r2-ri).  (9.2-3) 

The  proportionality  constant  k  is  the  wave  number,  defined  by  Eq.  9.2-1.  In  general,  the  raw 
phase  measurements,  02  and  0  p  do  not  have  a  difference  which  is  proportional  to  the  the  station  range 
difference,  ^2  ~  /"i-  If  the  range  difference,  rj  —  does  not  exceed  a  wavelength,  there  is  no  lane 
ambiguity,  and  no  external  information  is  required.  The  relationship  expressed  by  Eq.  9.2-3  permits  the 
straightforward  application  of  navigation  or  position-fixing  procedures  (see  Chapter  4). 

9.2.2  Nominal  Model 

The  reduction  of  the  phase  measurement  to  a  linear  function  of  distance  can  be  traced  back  to  the 
time  when  navigational  chans  were  used  for  manual  plotting  of  Omega  lines  of  position  (lines  of 
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constant  phase  difference  between  two  stations’  signals).  It  is  much  easier  to  plot  these  lines  of  position 
(LOPs)  if  the  phase  (difference)  is  linearly  related  to  the  distance  (difference)  from  the  transmitting 
station.  The  partii^ular  wave  number  used  to  construct  the  charts  is  known  as  the  “nominal”  wave 
number,  which  is  simply  the  ratio  of  the  cumulative  “idealized”  phase  developed  by  a  signal  to  the 
distance  over  which  the  signal  is  propagated. 

In  free  space  (a  vacuum  with  no  other  interactions),  the  wave  number  is  given  in  tenns  of  signal 
frequency  if)  by 

h=f/c  (9.2-4) 

where  c  =  2.99793  X  10^  km/sec  is  the  speed  of  light  (in  vacwo).  The  nominal  wave  number  is  given  in 
terms  of  kQ  as 

^NOM  ~  0-9974  kQ 

which  is  an  intermediate  value  between  observed  night  and  day  10.2  kHz  wave  numbers*  on  seawater 
paths.  For  modeling  purpose.- ,  the  numerical  value  of  the  nominal  wave  number  is  not  critical;  it  is  only 
important  that  the  value  be  “near”  the  average  over  all  time  and  space  conditions.  As  a  practical  matter,  it 
is  important  that  all  navigation  algorithms  used  in  conjunction  with  PPC  algorithms  use  the  same  value 
of  for  the  assumed  nominal  wave  number.  Reference  19  supplies  information  regarding  the  origin 

of  the  numerical  value  of  kmM/ko. 

Note  that  the  nominal  wave  number  depends  only  on  frequency  (through  Eq.  9.2-1)  and  is 
independent  of  space  and  time  or  any  other  parameter.  In  the  example  leading  to  Eq.  9.2-3,  the  fixed 
v/ave  number  k  has  a  value  equal  to  Table  9.2-1  lists  the  nominal  wave  numbers  for  the  common 
Omega  frequencies. 

Table  9.2-1  Nominal  Wave  Numbers  for  the  Common  Omega  Frequencies 


*kNOM  is  actually  much  closer  to  the  average  day  wave  number;  this  is  the  basis  lor  the  laning  pro¬ 
cedure  discu-ssed  in  Section  9.4, 


The  nominal  phase  is  a  cumulative  phase  defined  as 

~  ^NOM  ^ 


(9.2-5) 


where  D  is  the  distance  between  transmitting  station  and  receiver  over  the  earth.  D  is  usually  computed 
with  a  fair  degree  of  precision  since  the  nominal  phase  makes  up  about  99%  of  the  total  cumulative 
phase.  As  a  result,  D  is  computed  as  the  transmitting  station-to-receiver  distance  over  an  ellipsoidal 
model  of  the  earth.* 

9.2.3  PPCs  as  Corrections  to  the  Nominal  Model 

With  the  cumulative  phase  (0)  and  nominal  model  as  described  above,  the  PPC  at  position,  r, 
time,  t,  and  frequency,  /,  is  given  by  (the  origin  of  the  coordinate  system  is  assumed  to  be  at  the 
transmitting  station) 

PPC  (r,r,/,)  =  (r./)  -  0  (r.r,/,)  (9.2-6) 


where  the  nominal  phase  is  given  by  Eq.  9.2-5.  Note  that,  for  a  fixed  frequency,  the  PPC  and  the 
measured  phase  both  depend  on  the  vector  position  coordinates  (indicated  by  r)  and  the  time,  t,  whereas 
the  nominal  phase  depends  only  on  the  range,  D,  over  the  surface  of  the  earth  from  the  transmitting 
station.  For  a  spherical  earth,  the  range,  D,  is  given  in  terms  of  1  r  1  and  the  earth’s  radius,  R^hy 

D  —  2  Rg  arcsin(!r!/(2/?£)) 


Since  the  nominal  phase  accounts  for  about  99%  of  the  predicted  phase,  the  PPC  has  a  typical  magnitude 
between  -2  and  +2  cycles.  The  PPC  is  usually  specified  to  a  resolution  of  0.01  cycle  (centicycle  (cec)), 
which  is  well  below  the  PPC  accuracy  (5  to  12  cec)  and  is  on  the  order  of  the  phase  resolution  of  most 
receivers.  This  resolution  also  corresponds  approximately  to  the  system  synchronization  error  (1  cec 
1  psec  at  10.2  kHz). 

As  noted  in  Section  9.1  2,  the  PPC  is  usually  defined  as  a  predicted  quantity,  so  that  the 
cumulative  phase,  0,  appearing  in  Eq.  9.2-6  is  the  predicted  phase.  If  0  is  chosen  to  label  the  observed 
phase,  then  the  PPC,  defined  by  Eq.  9.2-6,  is  exact.  Of  course,  when  an  obscr/ed  value  of  0  is  used,  the 
integer  part  must  be  obtained  from  external  sources. 


In  contrast  to  the  nominal  phase  which  is  computed  using  the  nominal  model  described  in 


Seciion  9.2.2,  the  expcclcd  phase  is  oblaincd  fiorn  a  very  complex  model  described  in  Section  9.3. 


TUn 

A  AAAk. 


*A  reference  spheroid,  such  as  WGS-72  or  WGS-84,  is  commonly  used. 
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model  accounts  for  the  various  electioinagnetic/geophysical  properties  of  the  earth  and  ionosphere 
which  influence  the  wave  propagating  between  the  transmitting  source  and  the  receiver.  In  this  model, 
as  in  the  real  world,  the  properties  of  the  path  are  not  constant  but  vary  along  the  path,  i.e.,  the  path  is  said 
to  be  inhomogeneous.  Since  the  wave  number,  k,  depends  on  the  electromagnetic  properties  of  the 
earth’s  surface  and  the  ionospheric  D-region  (which  serve  to  reflect  VLF  waves),  k  also  varies  along  the 
path.  Thus,  for  a  real,  inhomogeneous  signal  path,  the  expression  for  the  cumulative  phase  is  given  by 

^  =  k{r)  ds  (9.2-7) 

JC 

where  r  is  the  position  vector  for  some  point  on  the  path  and  ds  is  an  element  of  path  length.  The 
integration  contour,  C,  corresponds  to  the  signal  path  over  the  surface  of  the  earth  between  transmitter 
and  receiver.  If  the  wave  number  is  constant  over  C,  then  Eq.  9.2-7  reduces  to  Eq.  9.2-2.  For  real  paths, 
the  wave  number  is  most  strongly  influenced  by  the  local  illumination  condition  of  the  ionosphere,  i.e., 
day  or  night.  If  the  point  on  the  surface  of  the  earth  identified  by  position  vector  r  is  in  local  day  (i.e.,  the 
sun  is  a  few  degrees  below  the  horizon  to  directly  overhead),  then  k  is  normally  slightly  smaller  than  its 
nominal  value.  For  points  on  the  path  in  a  local  night  condition,  k  is  larger  than  its  nominal  value.  Other 
local  parameters,  such  as  ground  conductivity  and  certain  components  of  the  geomagnetic  field,  also 
affect  k  but  to  a  smaller  degree. 

Figure  9.2-3  shows  a  typical  diurnal  (24'hour)  observed  phase  profile  (measured  with  respect  to 
a  precise  time  or  frequency  standard)  in  which  the  path  illumination  conditions,  nominal  phase,  and  two 
sample  exact  PPC  values  are  identified.  The  figure  illustrates  the  higher  (retarded)  phase  during  path 
night  and  the  lower  (advanced)  phase  in  path  day  with  a  total  diurnal  shift  of  about  0.65  cycle.  Since  the 
phase  is  a  function  of  effective  ionospheric  height,  which  varies  with  the  relative  sun  angle  (solar  zenith 
angle),  the  observed  phase  exhibits  a  “bowl-shaped”  profile  during  the  day  with  less  variation  at  night. 
The  phase  profile  changer  from  day  (night)  to  night  (day)  behavior  during  path  transition  when  the 
sunset  (sunrise)  terminator  cuts  the  path.  The  figure  illustrates  the  time  independence  of  the  nomJnal 
phase  and  the  consequent  time  dependence  of  the  exact  PPC  values.  Note  that  if  the  observed  phase 
profile  shown  in  the  figure  were  the  same  as  the  predicted  phase  for  all  24  hours,  then  the  exact  PPCs 
would  be  identical  to  “regular”  PPCs,  since  the  PPC,  or  prediction,  error  is  zero. 
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Figure  9.2-3  Typical  Diurnal  Profile  of  the  Phase  of  an 
Omega  Signal  Recorded  at  a  Fixed  Site 

9.2.4  Applicability  of  the  PPG  Model 

Although  the  model  for  the  expected  phase  (known  as  a  PPG  model)  is  fairly  comprehensive,  it  is 
limited  to  certain  signal  path  propagation  conditions,  including 

•  Short-path  propagation,  i.e.,  the  signal  must  arrive  at  the  receiver  via  the  shorter  of 
the  two  great-circle  arcs  joining  transmitter  and  receiver 

•  Mode  1  dominance,  i.e.,  the  signal  behavior  must  be  effectively  described  by  the 
signal’s  Mode  1  component  (in  a  waveguide-mode  model  of  VLF  signal 
propagation  (.sec  Chapter  5)) 

•  Off-path  effects,  i.e.,  the  signal  must  not  be  significantly  influenced  by  geophysical 
conditions  laterally  displaced  from  the  short  great-circle  path. 

The  first  condition  is  frequently  violated  when  the  receiver  is  west  of  the  transmitting  station  and  the 
short-path  is  fully  illuminated  by  the  sun.  The  second  condition  holds  for  most  daytime  paths  (except  for 
very  short  paths  (<  1 ,000  km))  and  easterly  propagating  nighttime  paths.  The  condition  is  nearly  always 
violated  for  westerly  propagating  nighttime  paths  transiting  the  geomagnetic  equator.  The  third 
condition  holds  for  most  paths  and  times  except,  for  example,  those  for  which  the  path  and  terminator 
cross  at  a  very  shallow  angle  or  the  seawater  portion  of  the  path  passes  close  to  a  low  conductivity  region 
(e.g.,  Greenland). 

The  propagation  conditions  for  which  the  PPG  model  is  not  applicable  are  identified  by  modern 
signal  coverage  products  described  in  Chapter  10.  Since  the  PPG  model  computes  corrections  for  any 
given  path  and  time,  these  coverage  products  should  be  consulted  to  determine  the  usable  signals  prior  to 
calculation  of  PPCs. 
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PPCs  into  the  composite  phase  value.  Single-frequency  PPC  model  calibrations  do  not  maintain  the 
composite  phase  invariance. 

Based,  in  part,  on  the  above  reasons,  it  is  preferable  to  perform  multi-frequency  PPC  model 
calibrations  using  primarily  the  same  phase  measurement  database  (paths  and  times).  The  size  and 
diversity  of  the  database,  as  well  as  the  number  of  frequencies,  is  determined  by  the  scope  of  the 
measurement  program  and  other  practical  considerations.  As  a  general  rule,  however,  the  greatest 
diversity  in  paths,  times,  and  frequencies  is  the  most  desirable  from  the  viewpoint  of  PPC  model 
calibration. 


9.3  OVERVIEV/  OF  PPC  MODEL  STRUCTURE 

The  models  used  as  the  basis  of  PPC  calculations  have  evolved  with  the  increase  in  knowledge  of 
VLF  wave  propagation  effects  and  ionospheric  processes,  Diurnal  changes  were  recognized  from  the 
earliest  experi.ments  as  the  principal  contributor  to  phase  variation  on  a  fixed-length  path.  In  the  Omega 
Implementation  Committee  Report  (Ref,  2),  which  served  as  the  primary  basis  for  development  of  the 
Omega  system,  a  need  and  procedure  were  outlined  for  the  development  of  diurnal  phase  corrections  by 
means  of  “compensation  graphs.”  Later,  the  Navy  Electronics  Laboratory  (now  the  Naval  Command, 
Control  and  Ocean  Surveillance  Center  (NCCOSC))  identified  additional  phenomena  contributing  to 
the  variation  of  the  phase  from  a  fixed  (path  length-  and  frequency-dependent)  value.  Based  on  results 
from  complex,  theoretical  models  of  wave  propagation,  these  effects  were  quantified  and  linked 
together  within  the  framework  of  a  semi-empirical  model.  This  semi-empirical  model  was  calibrated 
using  recorded  measurements  of  the  signal  phase  from  the  relatively  few  Omega  stations  in  existence 
prior  to  1972  (see  Chapter  2).  In  the  1970s,  as  new  Omega  stations  were  constructed  and  signal 
monitoring  programs  initiated,  the  database  of  phase  and  phase  difference  measurements  was  greatly 
expanded.  Consequently,  the  PPC  model  was  refined  and  re-calibrated  several  times  during  this  period, 
although  its  essential  semi-empirical  character  remained  largely  the  same.  Development  of  a  PPC 
model  is  more  than  of  academic  interest,  since  the  phase  prediction  (PPC)  error  is  the  largest  component 
of  the  Omega  position  error  budget.  Thus,  in  a  very  real  sense,  the  semi-empirical  model  used  to 
compute  PPCs  is  a  central  determinant  of  Omega  system  accuracy. 

The  essential  features  of  PPC  models  have  changed  relatively  little  during  the  evolution  of  the 
Omega  System  and  are  not  extraordinarily  complex  when  reduced  to  a  set  of  procedures,  analytical 
expressions,  and  computational  flows.  However,  the  development  of  existing  model  structures. 
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including  the  rationale  for  path  domains,  temporal  structure,  and  the  relationship  to  full-wave 
waveguide-mode  models  of  signal  propagation,  requires  a  lengthy  discussion  that  may  distract  the 
reader  from  the  basic  ideas  of  phase  prediction.  As  a  result,  this  section  presents  a  brief  overview  of  the 
structure  and  computational  flow  for  a  generic  PPC  model,  and  the  details  of  the  niodcl  structure  and  the 
basis  for  its  development  are  addressed  in  Section  9.5. 

Figure  9.3-1  illustrates  the  overall  structure  and  computational  flow  lor  a  generic  I’l'C  model, 
The  figure  indicates  that  the  basic  elements  of  the  PPC  model  structure  and  computational  sequence  may 
be  organized  in  terms  of  the  following  functional  categories; 

•  Path  Definition  —  Set-up  of  path  between  transmitting  station  and  receiver  and 
definition  of  path  domains 

•  Sub-model  ClussijiLuiion/Calculation  —  Assignment  of  sub-models  to  the 
appropriate  path  domain 

•  Temporal  Modification  —  Multiplication  of  excitation  and  phase  velocity 
sub-models  by  evolution/diurnal  functions  that  depend  on  time 

•  PPC  Calculation  —  Aggregation  of  modified  sub-model  contributions  and 
.syiahi^Nis  witli  reference  and  nominal  phases  to  determine  ))lii-  .e  variatiDii  .uid  Pl’C. 


Figure  9.3-1  Overall  PPC  Model  .Stf'K.ture/CompMta'iuiial  Mow 
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Figure  9,3-3  Model  of  a  Typical  Path  Segment 

'I'lic  wave  field  associated  with  the  transmitted  signal  and  sensed  by  the  Omega  receiver  interacts 
with  the  ciii  ill's  surface  and  ionosphere  (the  waveguide  boundaries)  in  a  way  that  depends  on  the  relative 
position  along  the  path,  Path  domains  arc  tho.se  portions  of  the  path  that  have  similar  wave-boundary 
interactions  and,  therefore,  invoke  the  same  sub-models.  The  domains  are  referenced  by  the  type(s)  of 
sub-niodcl.s  invoked  therein,  i.c,, 

•  Ground-wave  domain 

•  Excitation  domain 

•  phase  velocity  domain. 

As  shown  in  Pig,  9.3-4,  the  ground-wave  domain  comprises  the  two  end-path  regions.  [In  some 
of  the  I*PC  Model  literature,  the  end-path  :*.gion  near  the  transmi'  ter  is  called  the  excitation  region  and 
liie  end-path  region  near  liie  receiver  ca'  1  the  dc-exciiation  repion.]  Since,  in  tlii.‘  domain,  tlr;  w^ve 
t/iiiy  iiiieiacl..  »vlili  tile  eai til's  surfac  •  lower  boundary  of  the  earth-ionosphere  waveguide),  the 
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Figure  9.3*4  Path  Domains/Segmentation  Corresponding 
to  Unique  Sets  of  Sub-models 


corresponding  sub-models  depend  only  on  ground  conductivity.  The  size  of  the  ground-wave  domain  is 
fixed  in  most  PPC  models  but  in  the  1992  PPC  model,  the  extent  of  this  domain  varies  with  the  local 
illumination  condition  and  frequency.  This  somewhat  indirect  dependence  of  the  domain  definition  on 
time  is  expressed  in  Fig.  9.3-1  by  the  dashed  arrow  of  the  time  input  to  the  path  definition. 

The  excitation  domain  shown  in  Fig.  9.3-4  comprises  that  region  of  a  path  where  the 
Mode  1  -launched  wave  first  (or  finally)  sets  up  the  field  structure  that  characterizes  its  general  behavior 
in  the  earth-ionosphere  waveguide.  The  nomenclature  derives  from  the  waveguide-mode  model  of  VLF 
wave  propagation  in  which  a  source  wave  is  “excited”  (to  various  degrees)  in  the  earth-ionosphere 
waveguide.  The  degree  of  excitation  depends  on  the  signal  wavelength  and  frequency,  the  size  (height) 
of  the  waveguide,  and  the  electromagnetic  properties  of  the  internal  medium,  and  the  boundaries  of  the 
waveguide.  Thus,  an  excitation  phase  is  said  to  be  introduced  in  the  propagated  signal  field  where  the 
wave  first  “sees”  the  ionosphere.  Reciprocal  arguments  show  that  an  excitation  phase  is  introduced  near 
both  the  transmitting  source  and  the  receiver. 

For  the  vast  majority  of  paths  used  in  navigating  with  Omega  signals,  the  phase  velocity  domain 
constitutes  more  than  80  percent  of  the  path.  This  domain  corresponds  to  the  mid-path  region  (see 
Fig.  9.3-4)  where  the  signal  interacts  with  both  the  ionosphere  and  the  earth's  surface.  In  this  domain,  the 
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phase/unit  path  length  is  specified  by  the  wave  number,  as  in  Eq.  9.1-3.  The  phase  velocity  depends  on 
three  parameters  (which  are,  in  general,  coupled):  ground  conductivity,  geomagnetic  latitude,  and 
geomagnetic  bearing.  Included  in  the  phase  velocity  sub-models  are  those  that  describe  the  local  wave 
number  behavior  in  spatial  regions  with  “anomalous”  ionospheric  height  profiles,  i.e.,  the  auroral  zones 
and  polar  caps. 

For  each  path  segment  in  a  particular  domain,  the  sub-models  appropriate  to  that  domain  are 
computed  as  the  products  of  functional  forms  and  linear  model  coefficients.  Functional  forms  are  simple 
analytic  forms  that  approximate  the  theoretical  dependence  of  signal  phase  on  geophysical  and 
electromagnetic  parameters,  such  as  ground  conductivity  or  geomagnetic  latitude.  Line?’-  model 
coefficients  are  introduced  to  partially  account  for  the  approximation  and  linearization  error  incurred  in 
establishing  the  functional  forms.  The  linear  model  coefficients  are  determined  by  comparing  the 
expression  for  the  model  prediction  with  the  observed  phase  data  (see  Section  9.4). 

Time  dependence  is  introduced  through  those  sub-models  that  characterize  the  time-varying 
ionosphere.  Since  ionospheric  properties  are  required  for  sub-model  calculation  in  the  excitation  and 
phase  velocity  path  domains,  only  sub-models  in  these  domains  are  m.odified  to  account  for  universal 
time,  as  shown  in  Fig.  9.3-1.  Modification  occurs  through  multiplication  of  the  sub-model  by  the 
evolution/diurnal  function.  This  function  is  effectively  a  means  of  interpolating  between  sub-models 
defined  for  “local  maximum  day”  (sun  directly  over  the  segment)  and  “local  maximum  night”  (segment 
at  opposite  point  of  the  globe  from  local  maximum  day).  The  function  depends  on  the  local  sun  angle, 
known  as  the  solar  zenith  angle  (computed  from  the  input  year,  month,  day,  hour,  and  minute)  and  certain 
non-linear  parameters  that  arc  determined  from  calibration/experimentation  (see  Sections  9.4  and  9.5). 

The  sub-models  for  the  ground-wave  domain  and  the  modified  sub-models  for  the  excitation  and 
phase  velocity  domains  are  combined  to  produce  the  predicted  phase  variation  for  the  input  path, 
frequency,  and  time,  as  shown  in  Fig.  9.3-1  .*  To  obtain  the  predicted  cumulative  phase  for  the  path,  the 
phase  variation  is  combined  with  the  reference  phase,  which  for  some  models  is  the  free-space  phase  and 
for  other  models  is  the  nominal  phase  (sec  Section  9.1).  The  reference  phase  provides  the  principal 
information  regarding  the  integer  part  of  the  cumulative  phase  in  cycles,  Note  that  the  reference  phase 
depends  only  on  basic  path  information  (transmitting  station  and  receiver  coordinates)  and  frequency. 
Finally,  the  PPC  is  computed  as  the  difference  between  the  nominal  and  predicted  cumulative  phase  for 
the  path/frequency/time. 

*Note  that  the  phase  velocity  sub-models  are  multiplied  by  -1  prior  to  combining  with  other  sub-models 
as  shown  in  Fig.  9.3-1  and  explained  in  Section  9.5. 


9-23 


9.4  PPC  MODEL  CALIBRATION 


The  PPC  Model,  described  in  Sections  9.3  and  9.5,  normally  specifies  the  model  structure, 
including  the  path  segmentation,  the  types  of  sub-models  used  and  where  they  are  invoked,  etc.,  but  not 
the  actual  values  of  the  model  coefficients  or  embedded  parameters.  Comparison  of  the  model  with 
recorded  phase  measurements  determines  the  numerical  values  of  the  model  coefficients/parameters. 

In  this  section,  calibration  of  the  PPC  Model  is  explained  by  first  outlining  the  overall  calibration 
procedure.  The  nature  and  collection  of  the  data  that  serves  as  input  to  the  calibration  procedure  is  then 
described.  The  model  calibration  itself  is  then  presented  as  a  three-step  procedure: 

•  Preparation  of  model  calibration  database 

•  Implementation  of  the  model  calibration  procedure 

•  Evaluation  of  the  PPC  model  perfonnance. 

These  topics  are  covered  in  general  terms  in  the  five  sub-sections  below. 

9.4.1  Specification  of  Model  Calibration  Procedure 

The  basic  idea  of  model  calibration  is  to  adjust  certain  free  parameters/coefficients  so  that  the 
predicted  phase  “best”  matches  the  observed  phase.  Recall  from  Section  9.2.3  that  the  principal  aim  of  a 
PPC  model  is  to  accurately  predict  the  observed  phase  for  a  given  path/time.  Thus,  if  <p  (path, time)  is  the 
observed  phase  for  a  given  path/time  and  ^(path,time)  is  the  predicted  phase,  then,  in  ge,  .eral, 

A 

0(path,time)  =  ^(path.time)  -f  t>(path,time)  (9.4-1) 

A 

where  v  is  the  prediction,  or  residual,  error  for  the  path/time.  The  “best”  <p  is  one  that  minimizes  the 
function 


MF  =  Y,  =  Y 

path/time  path/time 


where  the  sum  is  over  all  path/ti  mes  in  the  calibration  database.  If  0  is  taken  to  mean  a  vector  of  observed 

A 

phase  values  (for  a  given  collection  of  path/times),  <p  is  the  corresponding  vector  of  predictions,  and  v  is 
the  associated  residual  error  vector,  then  the  minimization  function,  MF,  may  be  written 


MF  =  V  ~ 


(9.4-2) 
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(9.4-3) 


The  predicted  phase  vector  may  be  written 

i  =  H  (zi,Z2....)  C-f-  00 

where  H  is  the  measurement  matrix,  z  j ,  Z2.  •  •  -  are  embedded  (usually  non-linear)  parameters,  C  is  the 
coefficient  vector,  and  <j>Q  is  the  free  space  phase  vector.  The  elements  of  H  are  functions  of  the  path 
parameters  and  time,  in  addition  to  the  embedded  parameters.  In  contrast,  the  elements  of  the  free  space 
phase  vector,  0o>  ^  function  only  of  signal  frequency  and  path  length.  The  objective  of  calibration  is 

to  choose  the  parameters  Zj,  Z2.  •  -  .  and  the  coefficient  vector,  C,  so  that 

MF  =  [4, -(HC  +  ^o))''  (^  -  (//  C  +  ^.„))  (9.4-4) 

is  minimized.  Since  H’s  dependence  on  the  embedded  parameters  is  highly  non-linear,  there  is  no  simple 
analytical  scheme  to  find  the  Zj,  Z2.  .  .  .  that  minimize  Normally,  these  parameters  are  determined 

using  a  combination  of  physical  considerations  and  comparison  of  phase  predictions  (using  candidate 
sets  of  reasonable  parameters)  with  observations  under  the  same  conditions. 

For  a  given  set  of  embedded  parameters,  the  coefficient  vector,  C,  can  be  determined  as  a  least 
squares  estimate,  i.e.,  one  that  minimizes  Eq.  9.4-4.  The  form  of  the  weighted  least  squares  estimate  for 
C  is 

C  =  [H^  R  H)~^  bJ  R  <!>  (9.4-5) 

where  /?  is  a  diagonal  weighting  matrix  associated  with  the  observation  vector  0.  In  response  to  a  change 
in  the  embedded  parameters  zi,  Z2, . .  • .  the  measurement  matrix,  H  (z\,  Z2>  -  •  • )  changes,  C  changes  as 

A 

prescribed  by  Eq.  9.4-5,and  the  predicted  phase,  0,  changes  in  accordance  with  Eq.  9.4-3. 

9.4.2  Description  of  Phase  Measurement  Data 

The  observational  data  employed  in  PPC  Model  calibration  generally  comprises  fixed-site 
measurements  of  signals  from  Omega  transmitting  stations.  These  measurements  are  of  three  kinds, 
depending  on  the  type  of  reference  oscillator,  or  clock,  associated  with  the  signal  receiving  system: 

( 1 )  Phase  data  referenced  to  a  highly  stable  clock  (such  as  a  cesium  frequency  standard) 
and  phase-synchronized  to  the  Omega  station  signals 

(2)  Phase  data  referenced  to  a  highly  stable  clock  (such  as  a  cesium  frequency  standard) 

(3)  Phase  difference  data,  i.e.,  differences  in  signal  phase  between  pairs  of  station 
signals  accessible  to  the  receiving  system. 
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Type  1  data  is  available  at  only  a  relatively  few  sites  where  external  equipment,  such  as  a  cesium 
frequency  standard  and  a  satellite  signal  receiver  are  available  to  maintain  phase  coherence,  Phase 
synchronization  can  be  maintained  through  external  means  because  the  signal  wavefonn  transmitted  by 
each  Omega  station  is  synchronized  (approximately)  to  Coordinated  Universal  Time  (UTC),  which 
serves  as  a  reference  for  most  high-precision  standards  and  navigation  satellites.  This  type  of  data  is  the 
only  source  of  phase  error  (observed  phase  -  predicted  phase)  information  over  a  single  station-to- 
receiver  path.  Type  2  data,  which  is  somewhat  more  common  than  Type  1  data,  permits  analysis  of  single 
path  diurnal  phase  behavior  (since  it  is  referenced  to  a  stable  source),  but  not  single-station  phase  error. 
Signal  receiving  systems  are  limited  to  phase  difference  (Type  3  data)  measurements  when  no  highly 
stable  reference  (better  than  one  part  in  10'^)  is  available.  For  data  of  Types  2  and  3,  only  the  difference 
in  single-path  phase  error  can  be  used  for  model  calibration. 

Since  receiving  systems  providing  Types  2  and  3  data  are  less  sophisticated  and  require  less 
attention  than  those  providing  Type  1  data,  most  of  the  data  used  in  calibrations  of  PPC  models  have  been 
of  the  phase  difference  type.  These  types  of  measurements  are  less  desirable  than  Type  1  measurements 
providing  single-path  phase  data,  since  they  are  inherently  noisier  (incorporating  day-to-day 
fluctuations  (at  a  fixed  hour)  on  two  paths)  and  reduce  observability  by  subtracting  modeled  phenomena 
common  to  the  two  paths.  Some  Type  1  data  has  been  used  in  PPC  Model  calibrations  prior  to  1990, 
although  it  has  been  extremely  small  compared  to  the  phase  difference  component.  In  contrast,  however, 
the  Type  1  data  used  for  the  1993  PPC  Model  calibration  accounted  for  more  than  50  percent  of  the 
calibration  database. 

An  important  source  of  Type  1  data  is  the  network  of  monitors  associated  with  each  Omega 
station,  Like  most  of  the  Omega  monitor  receivers  at  remote  (non-station)  sites,  the  station  monitor 
receivers  are  equipped  with  only  a  medium-precision  crystal  oscillator  so  that  only  phase-difference 
measurements  can  be  accurately  made.  For  the  station  monitors,  however,  one  of  the  paths  is  the  very 
short  one  ( 1 5  to  50  km)  from  the  local  station  to  the  station  monitor.  This  path  is  so  short  that  the  phase  is 
assumed  to  be  well-approximated  by  the  free-space  phase  (although  recent  measurements  indicate  that 
this  approximation  may  be  less  accurate  than  previously  assumed  (Ref.  13)).  Since  the  phase  for  this 
short  path  is  assumed  to  be  a  known  constant  (independent  of  time),  the  phase  difference  data  is  easily 
adjusted  to  describe  entirely  the  path  to  the  remote  station.  Figure  9.4-1  depicts  the  locations  of  the 
current  (1994)  Type  1  monitor  sites,  including  the  8  station  monitors.  Lower  Hutt,  New  Zealand,  and 
Pretoria,  South  Africa.  Similarly,  Fig.  9.4-2  shows  locations  of  phase  difference  monitor  sites  that  were 
operational  in  January  1987. 
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Figure  9.4-1  Site  Locations  for  l^pe  1  Omega  Monitors  —  1988 


To  establish  the  implicit  parameters  that  govern  many  of  the  time-dependent  features  of  the 
model,  high  time-resolution  data  is  required.  Historically,  this  data  has  been  obtained  from  continuous, 
paper  strip-chart  recordings  of  phase  or  phase  difference.  This  data  permits  detection  and  tracking  of 
rapid  changes  in  phase  (phase  difference)  that  may  accompany  the  onset  or  recovery  of  path  transition. 
Because  this  data  is  most  readily  susceptible  to  manual  scrutiny,  comprehensive  analysis  of  all  such  data 
is  impractical. 


The  linear  model  coefficients  can  be  systematically  determined  by  means  of  a  process  often 
called  “regression.”  In  this  scheme,  a  relatively  small  number  of  coefficients  (e.g.,  20  to  60)  are 
determined  from  a  database  consisting  of  several  hundred  to  several  thousand  measurements.  Inspection 
of  phase  measurements  from  a  variety  of  paths  suggests  that  data  recorded  at  hourly  intervals  provide 
sufficient  time  resolution  of  the  typical  diurnal  phase  profiles,  while  providing  independent 
measurements.  As  a  result,  hourly  data  have  served  to  provide  the  principal  database  for  determining 


linear  model  coefficients  since  1971. 


Fui  cuiisistency,  tliese  iiieusuieiiieiits  a.e  lecuided  “on"  the  UT 


hour,  so  that  they  represent  an  average  over  a  receiver  time  constant  (typically  1  to  3  minutes). 
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Figure  9.4-2  Site  Locations  for  Types  2  and  3  Omega  Monitors  —  January  1987 


9.4.3  Preparation  of  Model  Calibration  Database 

When  the  data  of  the  type  described  in  Section  9.4.2  becomes  available,  preparation  of  the  model 
calibration  database  can  proceed.  This  preparation  task  is  cmcial  to  the  model  calibration  procedure  and 
involves  a  substantial  effort,  which  can  be  broken  down  into  three  primary  stages: 

•  Identification  and  screening  of  anomalous  data 

•  Down-sampling  and  secondary  editing  of  data 

•  Attaching  appropriate  lane  number  to  data  samples. 

Descriptions  of  these  three  stages  follow. 

Identification  and  Screening  of  Anomalous  Data  —  Since  the  PPC  model  is  composed  of 
sub-models  that  are  based  on  short-path  Mode  1  signal  phase  behavior,  it  is  critically  important  to  ensure 
thaf,  to  the  extent  possible,  phase  data  used  to  calibrate  the  model  result  from  measurements  of 
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short-path  Mode  1  signals.  The  phase  data  must  also  result  from  measurements  of  signals  whose 
signa)-to-noise  ratio  (SNR)  is  high  enough  for  adequate  phase  tracking.  Signal  data  that  do  not  meet 
these  requirements  arc  referred  to  as  anomalous  data  and  must  be  eliminated  from  the  database  to  avoid 
corrupting  calcidation  of  the  coefficients  of  the  Mode  1-ba.sed  PPC  Model. 

Identification  of  anomalous  data  is  difficult  and,  in  many  cases,  requires  an  experienced  analyst 
to  evaluate  individual  diurnal  plots  of  phase  or  phase  difference.  For  relatively  small  calibration  efforts 
(c.g.,  a  few  hundred  observations),  such  manual  editing  is  feasible,  but  for  larger  efforts  (e.g.,  those 
exceeding  a  thousand  observations),  the  assistance  of  an  automated  procedure  is  necessary.  For  the  1 993 
PPC  Model,  an  Anomalous  Data  Identification  (ADI)  algorithm  is  used  that  employs  both  theoretical 
predictions  of  signal  behavior  and  certain  statistical  descriptors  (known  as  “data  indicators”)  of  the 
observed  data.  Based  on  approximately  one  month’s  worth  of  phase  or  phase-difference  data  at  a  given 
hour  and  the  two  neighboring  hours,  ADI  classifies  the  data  as  either  normal  or  anomalous.  If 
anomalous,  the  data  is  given  a  path  quality  assignment  ba.sed  on  the  the  data  indicators  and  the  signal 
prediction  appropriate  to  the  path,  as  shown  in  Table  9.4- 1  for  single-path  phase  data.  If  conflicts  arise 
between  the  data  indicators  and  the  path  prediction,  override  tests  arc  performed  at  neighboring  hours  to 
confirm  the  ob.servalional  findings. 


Table  9.4-1  ADI  Phase  Data  Indicators  for  Anomalous 
Path  Quality  Assignments 


Data  Indicator  (Dl) 

Dl  Criterion  For 
Anomalous  Assignment 

Anomalous  Path 
Quality  Assignment 

Day-to-day  standa'd  deviation  of 
phase  at  a  fixed  hour 

Value  >  10  cec 

Modal  (Mode  competition) 
or  Low  SNR 

Day-to-day  average  phase  (bias) 
error  for  path-night  hours 

Value  >  20  cec 

Modal  (f-ligher-order  mode 
dominance  or  cycle  slip) 

Slope  of  hour-lo-hour  phase  profile 
for  path-day  or  mixed-path  hours 

Sign  of  slope  opposite  to 
that  predicted 

Long-path 

Day-to-day  average  SNR  at  a 
fixed  hour 

Value  <  -25  dB 

Low  SNR 

Down-sampling  and  Secondary  Editing  of  Data  —  Averaging  of  selected  data,  such  as  that 
specified  for  several  of  the  data  indicators,  is  ncccs.sary  to  reduce  the  originally  supplied  database  to  a 
manageable  amount  of  information  for  the  calibration  software.  Thus,  it  is  not  necessary  to  have  the 
calibration  database  specify  data  for  each  day  (and  all  24  hours),  since  the  phase  at  a  fixed  hour  changes 
1  iiilt:  from  day  to  day.  However,  there  is  a  slow  change  in  phase  throughout  the  year  (at  a  fixed  hour),  so 
thai,  for  example,  averaging  Iv  Ji’y  plia.se  over  60  days  would  eliminate  much  of  the  annual  variation.  A 
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compromise  is  generally  taken  to  be  1 5  to  todays,  nllliougli,  foi  suiiic  pallia  (long  i.Kigc  j'allii  h  hvcijUij 
high  latitudes),  the  "base  change  over  these  ulioil  pcii«Hjs  is  slgiiilicnnl. 


For  the  calibration  databa'ic  used  in  the  IWi  Pt'C  Model  ctillhtalloii,  llie  dala  unil  Is  n  15  day 
(first  half-month  and  second  half-month)  averoge  of  (he  datfl  fur  n  glvcii  U  I'  hout  niid  1«  msuincd  Ui  he 
representative  of  the  observed  data  at  the  7th  and  22nd  of  ritch  inunth,  vely  'I  he  vuilaiiue  of  (he 

data  over  the  15-day  sample  primarily  indicutes  the  diiy-iu  duy  Viiiiuliun.  iilthuugh  u  LyiluJii  Binuutil  of 
long-term  seasonal  variation  is  uniivuidubly  included. 


The  data  unit  for  the  1980  I*I*C  Model  cullhiatiun  di'luhiise  |s  fiiiingd  b)  uvemgliig  all  dflin 
samples  appropriate  to  a  given  path  illumination  cundlliun,  '1  lius,  (<>i  eJtHmplL',  (uj  die  (.ullhiatiuii  ul  (hti 
day  linear  model  coefficients  (entirely  separate  fioiii  (he  calihiallon  u(  night  llnciii  model  LuelliUeiils), 
the  data  unit  is  the  average  of  all  daytime  path  phase  diKcienccs  (and  phase  (oi  a  'cw  iliigtc  |»!{|is)  hI  h 
given  monitor  site,  In  tlic  ease  o(  the  1980  Model  cnllhiallun,  a  diiyllltie  path  Is  one  in  Hlil'Ji  (he 
maximum  solar  zenith  angle  is  less  than  nhoul  74*'  (depending  on  licgncnLy,  see  fietdun  y.S.O  mid 
Ref.  4).  Pnor  to  averaging,  ttic  j'lcdicted  (ime  dependence  ft.'i  day  pndis  (fck'ijcd  !u  uc  (lie  liUi’iiia! 
illumination  depression  (Nil)))  is  subliaclctllorclciencc  the  tlalalu  a  II.Hcd,  lime  Indepmiden!  >ahie,  In 
applying  this  procedure,  (he  assumption  is  imidc  (hid  (hr  (ime  dependence  Is  uLcuiuiely  knov,ii  ((lum 
previous  regression  results)  so  (hat  no  eiioi  Is  Inlioduted  Into  (he  "data"  lead  hy  (he  ullhiallun 
program.s,  Hrror  (hat  is  introduced  In  tins  way  imiy  he  mlniml/ed  thiough  nii  Keifillve  piouss.  I  u/ 
calibration  of  niglit  lineur  model  cucflicicnis,  the  data  iimt  is  siiiillaily  ohiiiined  us  (lie  (eiu)l  ul  all 
nighttime  path  phase  differences  (and  phase  for  a  lew  sliigl>'  paths)  at  euUi  imjiiitut  site.  Ileie,  u 
nighttime  path  is  one  In  which  tlic  minimum  solar  /cii|!h  angle  1'  giealL-i  (lirm  aliciul  99’,  lilncc  the  1 980 
PPC  Model  assumes  no  time  dcpciKlcnce  foi  nighitiiiic  path .,  the  iiighi  eiilibiailoii  dula  undyigDis  no 
NID-tyj^c  jaoccssing  prior  to  input  to  the  calUnidlon  piogiaiiis,  'Jiaiislliui!  paths,  l  e.,  those  pnihs  nml 
times  that  do  notcunfui  in  to  the  delinilloii  of  daytime  ui  nlghllime  paths,  wcic  not  liiihjdcd  jh  the  |UHO 
PPC  Model  callhiatloii. 


iJccause.  of  the  cxicosivc  averaging  peiloimcd  (u  ohlalii  ii  dida  imll  In  the  1980  I'l'C  Model 
calibiation,  (lie  resulting  ohserviiiioii  vecloi  (see  kgs,  9.4  )  uiid  9,4  2)  Is  lelailvely  smulj  (ii  (i  w 
hundred)  and  no  further  jcdueiioii  is  regiilicd,  Poi  (he  1U9J  I'l'C  Model  ctillhiullon,  liowevei,  only  (he 
15-clay  fixed-hour  averaging  is  pcilormed,  so  (hat  (he  obsti  V'ulio!i  vecloi  Is  cKlieiiiely  hiig«  (10,0(10  |o 
20,000).  I'or  typical  callbriitiori  dLitiit/uscj,  iijt  oIjseiVHiMJii  Vetioi  cuiiiuiiis  iiijuiii  25i)  to  450  liaiii 
units/path,  representing  olisei  vaiions  at  dlllcieiK  limes  (houi/mi»nili/liid(  i!ioi!(h)  'I  he  meinmeiiii  iii 
iiialrix,  II,  (see  Ltj  9.4  '^)  iiianllesls  its  lime  depeiideiiie  (liiough  the  cvoluli'iii  luiiilloiis,  ii'!  explained 


Iiciii'ifi'  VJ  flfifl  V,5.  Iliiwrvct,  »ifKC  llic  piilli  |%  (he  »iimc  lot  tlicic  250  to  450  rows*  of  //,  clcniciit.s  that 
Itlfc'  (Iiidl!,a!llt4'  t!o  (.untliiLllvity  Icvf  j  (in  ihc  paili)  will  tiot  cliiingc,  The  important 

h  that,  foi  a  given  piii)!,  I  q  0,4  3  spcelllcs  n  subslimttal  numhci  of  rclniionv  that  differ  relatively 
Ihlle  fiuincaUiollici  A  hncai  AytlctiiliHVlngllilHptoprtiyrxhlhilvkcriouvinvtabililich  in  the  calibration 
I'lUkcduti’,  1hcp(!iblciii,hiMiwiiflv"cAtc»ilvcneHi  pat, lilcIlMn/'MicurlMlcally  Illustrated  in  rig,  9,4"3 
fui  u  spiiie  of  (ssu  LueriiLieiils, 

ihui,  tlif  leinfxitall)  dense  1903  callbi/itlon  diitubasc  Is  reduced  In  the  Icmporal  dinicnsiun  to 
iiisujc  u  stable  iululluii  fui  ibe  Luefllclents,  The  leductlon  Is  jiL-ifoinicd  by  "down-sampling"  the 
diiiat<asvH!,i,uidli(gio‘ij‘«clfic  lull’s  'f  lii'csseniiidldealsluscletl  aselof obscivalioiiliincsforcachpaih 
lUvb  iliiii  till'  soliil  /i'lillli  lUjgb's  (^Koiiespniidiiig  locucii  tline  In  Ihe  set  span  tlic  range  of  possible  ^  as 
lutiipli  ivl)f  H/id  iiiilfijinil)  a>  pi'ssible,  1 1lls  ensuies  tliai  the  tows  of  //  for  a  given  piitli  will  be  as  distinct 
(ui  "Indtj't  iiili'iil")  ns  possilile  This  down  saiiiplliig  pioLcduic  leduces  the  observation  vector  to  a 
iiiiiliagrat>lc  sUr  few  tliousuiid; 

I  ol  both  the  I9fcu  and  I ‘>93  I'l'l'  Model  tahbtallons,  the  calibration  database  at  this  point 
tindeigoLs  ii  second  level  sci'‘i.ninK  fot  anomalous  data,  Although  the  lust-level  screening  eliminates 
ho  to  VO  pdu'lil  ol  lli'j  tiMoinalous  data,  (he  second  level  sciecning  is  necessary  to  remove 
incunsisleiicles  aiidij»estloi<ablc  ualii  Itelellonof  (///obseivations  lot  a  given  path  ciTectivcIy  removes 
Ihe  path  fium  (he  path  llnilied  datiiliave  lepiescnled  by  //  (l.y,  9,4  3;  and  is  iljercfure  made  only  when 
the  data  lieliavloi  luppoiiing  its  le  noval  is  eoiiipelliiig. 

Allnililng  A|)jtio|iiitiU'  I.hih'  Niiiidtci  lo  Ptitu  NHinjderi  »  The  final,  Init  peihaps  the  tnost 
Inipoitiitit,  liep  III  j'O.paiiiig  till'  lullbiiillon  diiiabtise  Is  the  assignment  of  Ihc  correct  lane  number 


LldOSf  fglallonn  (or  Boporolo 
(inini  (saino  (lulfi) 

I  Igiiii’  9,4-.3  llciiiisilr  lllosiialion  of  |',xcesslvt’  Ncai  I’arallclism  I  oiiiid 
III  'Iciiipoially  I  tense  C'allbiailon  Data 
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(integer  part  of  the  phase)  to  the  observed  phase  or  phase  difference.  Laning  arises  because 
measurements  of  signal  phase  normally  refer  only  to  the  fractional  part  of  the  phase.  The  integer  part  of 
the  cumulative  phase  (lane)  is  almost  never  directly  measured  and  therefore,  theoretical  predictions 
(assumed  correct  to  within  a  cycle)  are  normally  used. 

In  some  applications,  the  lane  number  associated  with  the  signal  phase  is  not  critically  important, 
but,  for  model  calibration  purposes,  attaching  the  correct  lane  number  to  the  fractional  part  of  the  signa' 
phase  is  absolutely  crucial.  This  can  be  understood  by  noting  that  mislaning  by  a  single  lane  is  the  same 
as  injecting  a  1 00  cec  error  into  the  data,  thus  significantly  altering  the  computed  coefficients  and  greatly 
increasing  the  RMS  fit  error. 

Normally,  lanes  (for  the  case  of  phase  measurement)  are  counted  as  the  number  of  free-space 
wavelengths  (l/Zcg)  or  nominal  wavelengths  (l/fc^voA/)  transmitter  to  the  receiver  over  the 

surface  of  the  earth.  The  cumulative  phase  (see  Eq.  9.2-6),  measured  in  units  of  cycles  or  lanes,  is  thus  a 
large  number  (100  to  600  for  typical  10.2  kHz  paths),  whereas  the  scale  of  interest  for  PPCs  is  from  about 
-2  to  +2  cycles  with  a  resolution  of  0.01  cycle  (centicycle). 

Moreover,  the  actual  phase  measurements  provide  information  on  only  the  fractional  part  of  the 
cumulative  phase,  so  that  the  integer  part  must  be  estimated  based  on  knowledge  of  the  free-space  or 
nominal  phase  and  other  information.  This  estimate  is  combined  with  the  known  fractional  part  to  give 
an  estimate  of  the  cumulative  phase  (correct  to  within  an  integer  number  of  lanes).  From  this  number,  the 
free-space  or  nominal  phase  is  subtracted,  thus  providing  a  relatively  small  number  between  about -2.xx 
and  +2. XX  cycles  for  use  in  calculating  the  linear  model  coefficients. 

The  basic  goal  of  laning,  then,  is  to  correctly  assign  the  integer  part  of  the  cumulative  phase  to  the 
measured  fractional  part.  In  all  known  laning  techniques,  the  assignment  is  primarily  based  on  the 
assumption  that  the  nominal  phase  is  a  good  approximation  to  the  cumulative  phase  over  daytime  paths. 
For  the  1 980  PPC  Model  calibration,  the  lane  assignment  (closest  to  the  nominal)  is  made  for  the  daytime 
portion  of  the  diurnal  phase  or  phase  difference  profile  and  then  tracked  through  successive  differences 
to  establish  the  lane  assignment  for  other  portions  of  the  profile.  The  laning  algorithm  for  phase  data  in 
the  1 993  PPC  Model  calibration  assigns  the  closest  nominal  lane  for  patli/times  having  a  maximum  path 
solar  zenith  angle  (MPSZA)  of  less  than  70°.  For  path/times  with  larger  MPSZA,  the  previously  laned 
measurement  that  is  “closest  in  time”  (see  Ref  10)  determines  the  lane  assignment.  The  relative  diurnal 
differences  for  phase  difference  data  are  generally  smaller  than  for  phase  data,  so  that  phase  difference 
laning  is  more  robust.  The  1993  PPC  Model  calibration  algorithm  for  phase  difference  assigns 
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“reference  lane  values”  to  each  of  the  paths  in  a  given  path  pair,  depending  on  its  path  illumination 
condition  (day,  night,  or  transition). 

9.4.4  Iniplemeritation  of  the  Model  Calibration  Procedure 

As  explained  in  Section  9.4.1,  PPC  models  are  calibrated  by  determining  two  typcn  of 
parameters:  linear  model  coefficients  and  non-linear  embedded  parameter!*  associated  with  the  time 
variation.  The  linear  model  cocfficicnt.s  are  calculated  by  means  of  u  systematic  compuiationul 
procedure,  whereas  the  embedded  parameters  arc  determined  by  cmpiiicnl  means, 

The  linear  model  coefficients  are  often  referred  to  as  the  day/nighi  coellicicnis  since  they 
provide  a  measure  of  the  relative  contribution  of  each  sub-model  for  local  muximuin  day  aiuJ  local 
maximum  night  (sec  Section  9.5).  In  the  1980  PPC  Model  calibration,  separate  calculations  of  the  day 
and  night  coefficients  were  required  since  the  corresponding  day  and  night  datuhascs  aic  entirely 
separate.  Only  a  single  execution  is  necessary  for  the  day/night  coefficient  calculation  in  the  1 99.1 1'1'C 
Model  calibration  scheme  since  the  time  dependence  is  included  in  the  //  matri^  (see  liq.  9,4 ’3), 

Both  1980  and  1992  model  calibrations  determined  cocflicicnts  that  miniiiii/,ed  the  mean  sqiiuie 
residual  error  (sec  Eq.s.  9.4-2  and  9.4-4)  and  thus  evaluated  the  cxprcssioti,  liq,  9,4-5.  for  the  coclfielcnt 
vector,  C  For  the  1980  calibration,  the  observation  vector,  (p,  has  only  a  few  hundred  elcmcnls  (since  llic 
time  dependence  was  completely  removed  from  the  calibration  input)  so  that  the  calculation  of  C  Is 
straightforward.  In  the  case  of  the  1993  calibration,  the  number  of  elements  in  0  Is  abijui  an  oulrj  ol 
magnitude  larger  so  that  calculation  of  C'is  non-triviul,  The  tiiajor  computational  pioblem  Is  the  mutiix 
inversion  apj)caring  in  Eq.  9,4-5.  With  u  database  of  about  2500  diilu  units,  the  1993  PPC  Model 
calibration  used  a  high-end  workstation  and  an  efficient  SVIJ>  algoriihm  to  calculiiic  C, 

PPC  model  calibrations  arc  usually  performed  for  both  weighted  and  unwciglitcd  measurement 
sets.  The  resulting  calculations  of  C  generally  differ  significantly  only  ii  the  tiicasuictiicni  data  is 
relatively  scarce  or  if  the  distribution  of  weights  fulls  into  widely  seirarale  domains,  The  weighting  Is 
implemented  by  use  of  the  diagonal  matrix  K,  appearing  in  Lq,  9,4  5,  In  ihc  19H(j  c/illlnulion,  the 
elements  of  the  diagonal  weighting  matrix  K'li  were  chosen  to  he  the  mimhei  of  mcuMiicmtnis  (at 
different  times)  averaged  to  obtain  the  calibration  data  unit,  J  oi  the  1 99.1  calihiatloii,  the  element*,  ol  llie 
diagonal  weighting  matrix  R  arc  given  by 

liii  =  f  )-(Miii(t7,,  1.5)/15)  V/iy/ni,,,gx  ;  i  •«  1,2,  nuiiiliei  ol  diiiu  iiiiii'. 
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vticrc  (}^  is  llic  KMS  viii iuUoii  uf  (lie  dully  plia'.c  iiiciisiitcnicnis  (In  fruin  n  bcht-litting  llncjir  ratnp 
to  ilic  dilily  pliiisc  inciisuiciticMU  fur  the  liair^niunlli/liuu!  cuiicspuitditig  tu  the  data  unit,  /ri^  is  the 
fiuiiihei  uf  uiiriiiggcd  daily  riicfisurcfiicnts  fur  the  /'^'diitn  unit,  rn,,,,,  is  the  tnaxiniiint  mirnbcr  ufdays  in 
tlic  tiair  iiiuiiili  This  wclKhiIng  reflects  bulli  the  data  varintiun  over  the  days  of  the  half-iiiunth  ut  u  fixed 
huur  and  the  rclulivc  nurnber  of  nieasutcinents, 

In  lulililiun  tu  the  Luiiijiuied  sui'nicients,  cucfjkicnl  cslitnaliun  variaiucs  iirc  calculated  to 
dcletniinu  the  degree  ui  unceilalnly  assucialcd  with  each  cucfllcieiit.  In  the  19b0  calibiatlun,  the 
estlntallun  vaiiuncc  was  used  us  u  crilcrjun  (ui  tclaining  or  eliininaling  singlcMenn  sub  iiiudels,  c.g., 
Iliusc  UssuLialed  with  the  geujiiugnelie  cquatuilal  regiun  ui  lung-lciiu  tiiiic  dcj>eiidcnwc.  The  cueflicient 
esiiiiiaiiun  vaiianLekcuiiijuiied  as  )>ati  uf  the  I ',rV2  calibration  pi  uvided  anicansufdctcrinining  whcliicr 
the  cuiiij'Uicd  cuelllcienls  ui  lljcuiclkally  deiived  values  (hunt  full  wave  niudcling)  sliuuld  be  used  in 
lia;  i'i‘C  alguiiiliiii,  It  the  cucllieicnl  cstiiiiatjun  vanunce  exceeds  a  certain  tlueshuld,  the  conesponding 
cueiticients  arc  too  huge  and  unstable,  In  this  cunlext,  unstable  means  ilial,  given  a  sllgliily  diffcicnt  set 
ol  observed  data,  (he  cuetlickiils  cliungc  subsiaiitlally.  In  such  cases,  the  cucfficienis  were  fixed  at 
thiuietlcal  values  (see  Ket,  hb 

III  pertuiining  a  callhiathrn,  ll  Isulten  nccessaiy  tu  lix  (ui  "ticc/c'V  cciiiiin  cucilieienis  and 
"float"  ulliei  lice  cucfficlents  that  are  delcrniincd  tliiuugh  the  leasi-si)uarcs  piucrduic  and  the  chosen 
dutu  set,  I'ui  exaiiipk ,  l!  a  picviuiis  calihiuijun  tun  has  cstiiblishcd  that  cuefficicnis  assucliited  with  une 
UI  mule  tub  niuJel- have  high  cuelllcienlcsllinatlun  viu  lance,  these  cuelliciciils  would  likely  he  fixed  at 
tlicijicllcal  values  In  sLihsequcnt  exccutloini,  When  a  iiilxiuic  uf  tree  and  fixed  cucflicirnts  arc  specified, 
the  Uliiigiisluiialliy  ul  the  calihi  alluii  piuhtnii  is  reduced  by  ilic  iiiiinbci  u|  lixcd  cuej  jjcicnth,  In  this  case, 
a  icdiiced  cuellick'iii  vectui,  (  " ,  is  dcfliied  wlilclicunlains  uiily  the  lice  cuefliciciits,  and  an  associaied 
fcihiccd  iiicasutciiieiil  iiialilA,  //',  Is  tuiiiicd  cuiiialning  only  the  culuinns  associated  with  the  free 
cuellKleiilSi  Ilic  elcinciils  ul  ilie  tuiicspuiiding  icducrd ubsei viiiiDn  veciur  iiic  llieii  given  by 

^  Hu  Cj 
J 

will- 1 1,'  till'  siiiii  isuvti  the  Imliiesul  the  lio  dtuclliclenis,  'I  he  i  educed  vcctui  uf  li  ec  cuellicicnts  is  i!i(;n 

clwiMi  Mn(  lilt*  Ituarl'ililftl  riikr  )  liv 

1=  . . .  g 

C  -  (//'■'  //')"  '  //''  0' 
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9.4.5  PPC  Model  Performance 


The  performance  of  a  PPC  model  is  usually  measured  in  terms  of  its  predictive  accuracy.  For 
certain  applications,  other  performance  criteria,  such  as  executable  code  size  or  algorithm  processing 
speed  may  be  importani  or  even  critical,  but  for  most  applications,  the  correct  prediction  of  phase  is  the 
primary  performance  issue. 

Recalling  the  discussion  from  Section  9.1.2,  practical  implementation  of  the  PPC  is  possible 
only  because  the  spatial  variation  of  the  PPC  is  small  compared  to  that  for  the  nominal  phase.  Thus,  the 
PPC  may  be  applied  with  little  or  no  error  with  position  uncertainties  as  large  as  65  km.  Usually  this  is  no 
probleni,  since  necessity  of  lane  resolution  limits  the  position  uncertainty  to  well  within  65  km; 
however,  it  does  provide  a  practical  lower  bound  for  PPC  accuracy  (~0.1  -  1  cec). 

Compared  to  spatial  variations,  temporal  variations  of  the  phase  constitute  a  much  greater 
limitation  on  the  PPC  accuracy.  The  prediction  degradation  is  not  primarily  due  to  noise  (which  also  has 
spatial  and  temporal  variations)  but  presumably  to  day-to-day  fluctuations  in  the  ionosphere.  These 
variations  are  characterized  by  the  standard  deviation  of  the  observed  phase  over  about  15  consecutive 
days  (half-month)  at  a  fixed  hour;  this  standard  deviation  is  referred  to  as  the  random  component  of 
phase  error,  This  component  was  computed  as  part  of  the  1 993  PPC  Model  calibration  (see  Section  9.4.3 
and  Ref.  1 0).  The  error  in  the  predicted  phase  as  measured  using  a  stable,  synchronized  reference  source 
at  a  known,  surveyed  monitor  site  for  a  given  time  is  referred  to  as  the  bias  error  and  is  defined  as 

BIAS  ERROR  =  OBSERVED  PHASE  -  PREDICTED  PHASE 

The  bias  error  may  be  viewed  as  an  average  of  the  observed  minus  predicted  phase  values  over  an 
approximate  15-day  period  at  a  fixed  hour.  From  this  viewpoint,  the  random  error  is  a  measure  of  the 
scatter  about  the  bias  error  (average  value),  assuming  the  predicted  phase  for  a  half-month  is  adequately 
represented  by  the  prediction  at  the  "mid-point”  (7th  and  22nd  day  of  the  month). 

Atmospheric  noise  at  VLF  originates  primarily  from  lightning  discharges  associated  with 
thunderstorms.  These  discharges  act  as  “wideband”  VLF  radiation  sources  that  propagate  to  long 
ranges,  as  do  Omega  signals.  The  noise  sensed  by  an  Omega  user’s  antenna  reduces  the  effective 
.signal-to-noise  ratio  (SNR)  in  the  receiver’s  front-end  bandwidth  and  causes  an  error  in  the  phase 
detected  by  the  receiver.  The  phase  error  due  to  a  finite  SNR*  is  generally  much  smaller  than  either  the 
bias  or  random  components  of  the  phase  error  as  shown  in  Fig.  9.4-4.  The  data  in  the  figure  is  derived 

*Thc  relationship  between  phase  error  standard  deviation  and  SNR  is  given  in  Ref.  15,  Appendix  A. 
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Figure  9.4-4  Phase  Error  Components  for  the  10.2  kHz  Liberia  Signal 
at  the  Norway  Station  Monitor  Site  — ■  April  1988 


from  hourly  measurements  of  the  10.2  kHz  Omega  signal  phase  at  a  monitor  site  near  the  Norway  station 
during  April  1988.  The  bias  error  is  computed  based  on  the  1 980  PPC  Model  predictions  and  the  random 
error  is  the  standard  deviation  of  the  set  of  approximately  30  measurements  at  each  UT  hour.  The  phase 
error  due  to  noise  is  derived  from  concurrent  SNR  measurements,  which  effectively  indicate  the  noise 
environment  over  a  receiver  time  constant  ( 1  to  5  minutes).  The  general  property  indicated  by  the  figure 
is  that 


BIAS  ERROR  >  RANDOM  ERROR  »  ERROR  DUE  TO  NOISE 
As  a  result  of  this  property,  the  phase  error  due  to  noise  is  usually  neglected  in  compilations  of  phase  en  or. 

For  the  bias  error,  the  RMS  statistic  is  most  commonly  used  for  performance  evaluation  or 
comparison,  although  other  statistics,  such  as  mean  error  and  relative  fraction  of  “large  errors”  (e.g., 
those  with  magnitude  greater  than  20  cec)  are  also  used.  The  random  error  is  defined  as  a  standard 
deviation  so  that  it  may  be  combined  (in  a  root-sum-squared  sense)  with  the  RMS  bias  error  to  yield  a 
total  error. 
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Table  9.4-2  compares  the  phase  prediction  performance  of  several  PPC  Models  as  measured 
over  several  different  databases.  The  figures  in  the  table  that  indicate  performance  over  the  1980  or  1971 
calibration  databases  are  obtained  from  Ref.  5.  The  entries  for  the  “selected  MASTERFILE”  database  is 
from  Ref.  .b  and  the  performance  figures  for  the  1992  calibration  database  are  from  Ref,  10.  As  noted 
in  the  table  and  in  Section  9.4.3,  the  category  of  day  paths  includes  those  whose  maximum  solar  zenith 
angle  is  less  than  about  74°.*  Similarly,  night  paths  arc  those  having  a  minimum  solar  zenith  angle  of 
about  99°. 

The  Pierce  model  contains  only  two  sub-models  (base  velocity  night  and  day)  and  the  figures 
shown  are  based  on  the  original  phase  velocity  estimates  (see  Ref.  5)  although  two  sub-model  fits  to  other 
databases  yield  slightly  different  coefficients  and  slightly  improved  performance  figures.  The  1976 
European  “model"  is  really  the  1971  model  specialized  to  the  European  theater  so  that  predictions  in 
Europe  exhibit  good  performance  (.sec  Ref,  9)  while  the  global  prediction  accuracy  is  low.  The  Mcgatck 
model  (Ref.  17)  is  a  highly  simplified  PPC  model  but  is  unique  in  that  it  includes  an  empirically  derived 
frequency  dependence  and  an  algorithm  to  reduce  SID-induced  phase  errors  (.sec  Chapter  6).  With  some 


Table  9.4-2  Performance  Comparison  of  PPC  Models  on  Day 
and  Night  Path.s  for  10.2  kHz  Omega  Signals 


PPC  (^ODEL 

DATABASE 

RMS  BIAS  ERROR  (cec) 

Dsy* 

Night* 

Pierce  (Approx.) 

1980  Calibration 

13,4 

14,3 

1971-NOSC 

1971  Calibration 

6.2 

4.9 

1971-NOSC 

1980  Calibration 

6.9 

10.0 

1976  European 

14,0 

10,4 

1979  Interim 

7,3 

12,7 

1980-NOSC 

5.7 

6,3 

MegateK  (Approx.) 

13,6 

15,0 

1960-NOSC 

Selected  MASTERFILEt 

7.7 

10,6 

1980-NOSC 

1992  Calibration 

7,8 

7,6 

*  Day  paths  are  defined  as  those  with  a  maximum  mid-path  solar  zenith  angle  of 
less  than  about  74^ 

®  Night  paths  are  defined  as  those  with  a  minimum  mid-path  solar  zenith  angle  of 
greater  than  about  99’, 

t  Phase  difference  data  samples  (20,000-r(ay  and  dO.OOO-nlght)  (rom  a  subset  of  the 
ONSOD  MASTERFILE  (1982)  comprising  3  path  pairs  (rom  each  of  16  monitor 
sites;  anomalous  data  removed, 


*ror  path-pairs  as.sociatcd  with  phase  diffciciicc  iiicusUieiiiciils  (uccuuiiiiiig  fui  iiio.st  of  tlic  data  iii 
Table  9.4-3),  both  paths  must  meet  the  maximum  .solar  zenith  angle  requirement  for  day  or  the  niiiii- 
mum  requirement  for  night. 
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exceptions,  the  table  shows  that  PPC  model  performance  on  day  paths  is  better  than  that  for  night  paths, 
reflecting  the  greater  inherent  instability  of  the  nighttime  ionosphere.  It  is  important  to  note  that  the  last 
two  sets  of  performance  figures  in  the  table  include  the  additional  scatter  due  to  randor.i  erroi.  Thus, 
whereas  the  first  seven  sets  of  figures  in  the  table  include  only  a  few  hundred  data  points  that  represent 
average  values  over  the  appropriate  illumination  condition,  the  last  two  sets  contain  several  thousand 
data  points,  corresponding  to  individual  measurements.  The  difference  in  the  1980  PPC  Model 
performance  figures  for  the  1980  and  1992  calibration  databases  is  accounted  for  by  a  4  to  5  cec  time 
variation  of  the  observations  averaged  to  form  a  data  point  in  the  1980  calibration  database.  Time 
variations  in  this  range  were  computed  for  the  1992  calibration  database, 

The  figures  in  Table  9,4-2,  which  apply  mostly  to  phase  difference  measurements,  indicate 
performance  for  day  and  night  paths  but  exclude  the  illumination  condition  with  the  largest  path 
population  —  transition.  Although  day,  night,  and  transition  conditions  are  roughly  equally  represented 
among  single-path  phase  measurements,  data  involving  transition  paths  (all  paths  not  conforming  to  the 
day  or  night  definition)  make  up  a  large  fraction  (about  75  percent  (Ref.  16))  of  all  phase  difference 
measurements.  This  is  because,  on  average,  a  pair  of  paths  occupies  a  lai'gcr  longitude  interval  than  a 
single  path  and  is  thus  less  likely  to  be  contained  within  a  day  or  night  hemisphere.  Thus,  Table  9.4-2, 
like  many  of  the  early  papers  documenting  PPC  model  performance,  docs  not  indicate  system 
performance  over  a  representative  .set  of  illumination  conditions. 

In  contrast.  Table  9,4-3  lists  performance  figures  for  measurement  databases  including  samples 
for  all  illumination  conditions,  The  data  units  specified  in  these  databases  are  not  time-averaged,  as  arc 
the  data  units  in  the  first  seven  entries  of  Table  9.4-3,  and  include  diurnal  sampling  intervals  of  1  to  6  UT 
liours,  7  he  database  labeled  "Magnavox"  (Ref.  18)  is  a  collection  of  122  phase  difference  data  units 
selected  from  a  sample  of  3  to  4  path  pairs  from  each  of  15  monitor  sites  (those  in  the  ONSOD 
MA.STl-RP'ILliin  1985)  recorded  at  0000, 0600, 1200, and  1800  UT.  The  data  unit  consists  of  a  15-day 
(half-month)  average  of  phase  difl'crence  measurements  recorded  at  one  of  these  four  UT  hours,  so  that  it 
docs  not  include  the  full  time  variation  implicit  in  the  other  figures  in  the  table.  The  rather  large  RMS 
errors  listed  for  this  database  nay  be  due  to  the  inclusion  of  anomalous  measurement  data  that  was  not 
cxjilicitly  removed.  P'or  tlic  other  entries  in  Table  9,4-3,  the  RMS  prediction  error  is  generally  much 
greater  than  that  given  in  'rablc  9,4-2  because: 

•  'I'hc  prediction  error  for  measurements  involving  transition  paths  is  substantially 
greater  than  for  those  involving  all-day  or  all-night  paths 

•  Wlicn  sampled  imiformly  over  hour,  the  number  of  phase  difference  measurements 
involving  transition  paths  is  much  larger  than  for  other  path  illuminations, 
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Table  9.4-3  Performance  Comparison  of  PPC  Models  Under  All 
Illumination  Conditions  for  10.2  kHz  Omega  Signals 


PPC  MODEL 

DATABASE 

RMS  BIAS  ERROR  (cec) 

1980-NOSC 

Selected  MASTERFILE* 

13.6 

1980-NOSC 

Magnavox^ 

17.5 

1 985-Magnavox 

12.3 

1980-NOSC 

1993  Calibration 

12.8 

1993 

8.7 

*  Phase  difference  data  samples  (200,000  measurements)  from  a  subset  of 
theONSOD  MASTERFILE  (1982)  comprising  3  path  pairs  from  each  of  16 
monitor  sites  (all  hours);  anomalous  data  removed. 

§  122  phase  difference  data  units  (each  unit  representing  an  average  of 
about  15  measurements  at  a  fixed  hour)  from  a  subset  of  the  ONSOD 
MASTERFILE  (1985)  comprising  3  to  4  path  pairs  from  each  of  1 5  monitor 
sites  at  0000,  0600,  1200,  and  1800  UT;  anomalous  data  apparently  not 
moved. 


A  direct  comparison  of  the  performance  of  the  1980  and  1993  PPC  Models  with  respect  to  path 
illumination  condition  using  the  entire  1993  phase  database  is  shown  in  Table  9.4-4.  The  first  column 
lists  the  random  error,  which  represents  the  time  variation  of  the  measurements  over  about  15  days  at  a 
fixed  hour.  The  second  and  third  columns  show  the  1 980  and  1 993  PPC  Model  results  for  RMS  bias  error 
and  the  total  error,  which  is  root-sum-squared  combination  of  the  random  and  bias  errors.  In  this  case, 
day  paths  are  defined  as  those  having  a  maximum  solar  zenith  angle  of  about  98°,  which,  therefore, 
includes  many  paths  classified  as  transition  in  earlier  PPC  Model  documentation  (e.g.,  Refs.  4  and  5). 


Table  9.4-4  Performance  Comparison  of  1980  and  1993  PPC 
Models  by  Path  Illumination  Condition  Using  the 
Entire  1993  Phase  Database  for  10.2  kHz  Signals 


PATH 

ILLUMINATION 

CONDITION 

RMS  RANDOM 
ERROR  (ceo) 

RMS  BIAS  ERROR/ 

TOTAL  ERROR  (cec) 

1980  Model 

1993  Model 

Day* 

4.4 

11.3/12.1 

7.3/8.5 

5.0 

10.2/11.4 

7.0/8/6 

Transitiont 

6.2 

14.4/15.7 

9.2/11.1 

24-hour 

5.3 

12.1/13,9 

7.9/9.2 

*  Day  paths  are  defined  as  those  with  a  maximum  mid-path  solar  zenith  angle 
of  less  than  about  98°, 

-  RIyl  it  pall  lb  aie  delii  lod  as  Ihuse  with  a  minimum  mid-path  solar  zenith  angle 
of  greater  than  about  98°. 

tTransition  paths  are  definad  as  those  which  are  not  classified  as  either  day 
or  night. 
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Thus,  the  performance  of  paths  satisfying  the  day  illumination  condition  is  reduced  relative  to  that 
computed  for  the  earlier  day-path  definition  (maximum  path  solar  zenith  angle  less  than  about  74°).  Of 
the  three  path  illumination  categories,  night  paths  exhibit  the  best  performance  since  their  phase  profiles 
show  the  least  temporal  variation  and  the  anomalous  path/times  (most  commonly  occurring  during  path 
night)  are  removed. 

The  RMS  error  figures  for  the  1993  PPG  Model  are  significantly  lower  than  those  for  the  1980 
PPG  Model  partly  because  the  1993  Model  was  “fit”  to  a  subset  of  the  database*  for  which  the 
performance  figures  are  given.  To  test  the  robustness  of  the  1993  PPG  Model,  bias  and  random  errors 
were  computed  for  a  database  containing  different  observations  than  those  in  the  calibration  database.  In 
this  test  database,  the  paths  were  the  same,  but  the  observation  times  were  different  than  those  in  the 
calibration  database.  Performance  figures  for  the  1993  PPG  model  on  this  database  are  within  0.5  cec  of 
those  shown  in  Table  9.4-4. 

9.5  APPENDIX:  DEVELOPMENT  OF  PPG  MODEL  STRUCTURE 

Though  PPG  models  have  evolved  as  the  Omega  system  has  developed,  many  essential  features 
of  these  models  have  changed  relatively  little.  In  this  section,  a  generic  PPG  model  structure  will  be 
described,  although,  where  appropriate,  specific  models  will  be  identified. 

9.5,1  Physical  Basis  of  the  Model  Structure 

The  PPG,  as  described  in  Section  9.2,  is  defined  as  the  variation  of  the  “true,”  or  expected,  phase 
from  the  nominal  phase  (see  Eq.  9.2-7).  Thus,  the  calculation  of  the  PPG  involves  the  calculation  of  the 
nominal  phase  and  the  expected  phase.  The  nominal  phase,  as  described  in  Section  9.2.2,  is  calculated  in 
a  straightforward  fashion,  although  it  may  involve  computatic  i  distance  over  an  ellipsoidal  earth. 
Thus,  determination  of  the  PPG  involves  predominantly  calcu'a'  ( of  the  expected  phase.  VLF  signal 
phase,  as  measured  over  long  signal  paths,  is  a  complex  fum  i  o.  iiumerous  parameters,  thus  requiring 
a  model  of  the  propagating  wave  interacting  with  the  earth-ionosphere  electromagnetic  environment. 

The  clearest  understanding  of  the  model  structure  is  obtained  by  first  considering  the  spatial 
“picture,”  i.e.,  a  representation  of  the  signal  path  between  a  source  (transmitting  station)  and  a  point  at 
which  the  signal  field  is  sensed  (receiver  at  or  near  the  surface  of  the  earth).  One  can  use  a  variety  of 
models,  or  paradigms,  to  describe  the  signal  field  structure  as  the  propagating  w'ave  interacts  with  the 
earth  and  ionosphere  on  its  way  from  the  transmitting  source  to  the  receiver.  In  this  development,  it  is 

*The  1993  PPG  calibration  database  comprised  a  set  of  measurements  that  are  about  10  percent  of 
the  total  database  size. 
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convenient  to  use  both  the  “wavehop”  and  “waveguide-mode"  representations  of  signal  wave 
propagation  (see  Chapter  5)  to  guide  the  physical  picture  and  understanding  of  the  process. 


The  electromagnetic  wave  launched  by  the  Omega  antenna  has  approximate  cylindrical 
symmetry  (with  a  vertical  axis  of  symmetry)  near  the  antenna.  At  greater  ranges  (e.g„  more  than  about 
10  km)  from  the  antenna,  the  wave  takes  on  a  more  spherical  character.  Finally,  when  the  wave  begins  to 
interact  with  the  ionospheric  D-region  (at  ranges  greater  than  70  km),  it  locally  resembles  a  plane  wave 
(see  Fig.  9.5-1).  A  plane  wave  is  characterized  by  a  wave  vector,  k,  (see  Section  9.2.1),  in  addition  to  the 
signal  frequency.  In  the  wavehop  model,  a  plane  wave  reflects  from  the  ionosphere  (via  a  scattering 
process)  and  from  the  ground  as  it  propagates  between  the  earth  and  ionosphere  (Fig.  9.5-2),  Since  the 
wave  has  a  spherical  character  prior  to  interacting  with  the  ionosphere,  there  is  a  nearly  continuous 
spectrum  of  wave  vectors  corresponding  to  plane  waves  interacting  with  the  ionosphere.  However,  only 
certain  wave  vectors  give  rise  to  “self-reinforcing,”  or  resonant,  field  structures  in  the  earth-ionosphere 
waveguide  (see  Chapter  5).  These  wave  vectors  make  up  a  discrete  spectnim  that  is  directly  associated 
with  the  spectrum  of  waveguide  modes.  As  shown  in  Fig.  9.5-1,  the  wave  vector  which  makes  the 
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Figure  9.5-1  Plane  Waves  as  Approximations  to  Spherical 
Waves  When  Encountering  the  Ionosphere 


Figure  9.5-2 
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Continuous  Spectnim  of  Wave  Vectors  Associated  with 
Plane  Waves  Prior  to  Interaction  with  the  Ionosphere 
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smallest  angle  to  the  ground  is  associated  with  the  mode  which  normally  survives  to  the  longest  ranges. 
Physically,  this  may  be  understood  by  noting  that  this  wave  suffers  the  fewest  reflections  from  the 
ionosphere  and  the  ground  for  a  given  distance  over  the  earth.  Each  reflection  reduces  the  wave  energy 
so  that  the  wave  with  the  fewest  reflections  will  generally  have  the  greatest  amplitude  at  a  given  range. 
The  wave  vector  with  the  smallest  launch  angle  (relative  to  the  local  tangent  to  the  earth)  is  identified 
with  “Mode  1,”  the  lowest  phase  velocity  TM  mode  (see  Chapter  5).  The  properties  of  this  mode,  as 
noted  in  Sections  9. 1  and  9.2,  is  the  primary  basis  for  the  PPC  model  structure. 

The  point  at  which  the  Mode  1  wave  vector  intersects  the  ionosphere  (see  Fig.  9.5-3)  is  important 
because  it  determines  the  net  ionospheric  effect  on  the  phase  for  all  receiver  locations  “downstream”  of 
the  intersection  point  (known  as  the  first  point  of  ionospheric  interaction  (FPII)).  Reciprocity  arguments 
can  be  used  to  show  that  a  similar  wave  vector  configuration  exists  at  the  receiver.  Thus,  as  shown  in 
Fig.  9.5-3,  a  “Mode  1”  wave  vector  is  incident  at  the  receiver  from  the  ionosphere  at  the  last  point  of 
ionospheric  interaction  (LPII).  Between  these  two  points  of  ionospheric  interaction  (which  constitutes 
the  majority  of  most  paths),  the  wavefronts  spread  so  that  both  upgoing  and  downgoing  waves  are 
present  and  the  net  wave  vector  is  locally  parallel  to  the  ground. 

Based  on  the  above  discussion,  one  can  see  that  the  portions  of  the  ionosphere  associated  with  the 
end-path  regions,  i.e.,  between  the  transmitting  source  and  the  FPII  and  the  LPII  and  the  receiver,  will 
have  little  or  no  effect  on  the  signal  phase.  In  the  end-path  regions,  only  those  electromagnetic  properties 
of  the  earth’s  surface  (i.e.,  ground  conductivity)  influence  the  signal  phase  detected  at  the  receiver.  For 
that  portion  of  the  path  between  the  end-path  regions,  i.e.,  the  mid-path  region,  both  the  ionosphere  and 
the  earth’s  surface  influence  the  signal.  Since  the  ionospheric  properties  (such  as  conductivity)  change 
from  day  to  night  (and  with  relative  position  of  the  sun),  time  dependence  of  the  signal  phase  is 


Showing  Transmitted  and  Received  Mode  1  Wave  Vectors 
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controlled  by  the  ionosphere  and,  in  particular,  that  portion  of  the  ionosphere  in  the  miH-path  region, 
Since  ihc  geomagnetic  field  controls,  to  a  large  degree,  the  dynamics  of  the  charged  particles  in  the 
ionosphere,  the  local  properties  of  this  field  in  the  mid-path  region  also  greatly  influence  the  phase  at  the 
receiver.  The  effects  of  the  ionosphere  and  the  earth’s  surface  are  thus  conveniently  organized  in  terms 
of  “domains,”  which  are  presented  in  Section  9.5.4. 

9.5.2  Path  Definition  and  Phase  Calculation 

For  the  inhomogeneous  paths  encountered  in  the  use  of  Omega  signals,  the  predicted  phase  is 
expressed  by  the  integral  form  given  in  Eq.  9.2-6,  Actual  calculations  approximate  this  integral  by  a  sum 
over  p  ’.Ih  segments,  i.c., 

-  (9.5-1) 

i 

where  A:ps  the  wave  number  for  .segment /and  Ar^  is  the  length  ofthc  path  segment.  Figure  9.3-2  suws 
the  segmentation  for  a  typical  path.  An  individual  segment,  which  is  shown  in  more  detail  in  Fig.  9,3-3, 
is  approximately  60  km  in  length.  In  the  end-path  regions,  the  segment  serves  to  specify  only  the  ground 
coruluctiviiy,  since  the  Mode  1  wave  vector  is  not  influenced  by  the  ionosphere  in  these  portions  of  the 
))iith.  I  'ur  the  mid-path  region,  the  segment  is  associated  with  the  local  properties  of  both  the  earth’s 
surface  and  the  /9-rcgion  of  the  ionosphere,  v/hich  serve  as  boundaries  of  the  space  in  which  the  signal  is 
propagated. 

In  the  wavcguidc-modc  model  of  VLF  signal  propagation,  each  segment  may  be  considered  a 
honiogeDcous  rectangular  waveguide,  i.c.,  one  in  which  the  boundaries  arc  approximately  straight  and 
the  gcophysical/clcctromagnctic  properties  of  the  boundaries  arc  approxiinately  constant  (.see 
(’haptcr  5;.  In  (hi.s  homogeneous  waveguide,  the  total  electromagnetic  field  may  be  expressed  as  a  sum 
of  modal  cunijHmcnts,  each  of  which  has  an  associated  phase  and  amplitude  which  are  known  functions 
of  the  houndary  parameters.  The  vertical  component  of  the  electric  field  is  expressed  as  a  product  of 
.se  veral  complex  tjuaniiiies  with  a  resultant  amplitude  and  phase.  The  resultant  phase  is  the  sum  of  two 
terms:  a  “phase  velocity”  term  (equivalent  to  the  wave  number  expression  for  the  phase  defined  in 
liej.  9,2-6)  and  an  excitation  term.  The  excitation  factor  describes  the  efficiency  with  which  the  mode  is 
excited  by  the  waveguide.  Thus,  using  the  waveguide-mode  model,  the  expression  for  the  phase 
(Ikj,  9.5-1)  is  modified  to  include  the  excitation  factor  phase,  i.c., 

0  =  +  f  9.5-2) 

i 

In  jiriiicipk’,  and  0,  for  the  mid-path  segments  arc  derived  from  the  modes  of  the  homogeneous 
waveguide  represented  by  the  .segment.  The.  specific  paranictcrs  associated  with  the  .signal  modes  are 
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based  on  the  local  properties  of  the  waveguide  boiiiidatics,  Because  use  of  the  I'l'C  model  ptt'sumcs  tlinl 
the  Mode  1  component  doniifiiiics  the  loial  hij’iial,  the  phase  of  itir  Mode  1  toiiipoociil  (as  a  (uii'.liuii  of 
the  boundary  parameters}  at  (  acli  segment  is  ublulncd  fiom  the  wnvcgiildc-modc  imidcl  of  ilgiial  wave 
propagation.  Tor  the  hegments  in  the  end-path  rcgloiis,  a  VLb  gtound  wave  inudei  of  signal  phaie  is 
appropriate. 


9.5.3  Bhysiciil  rariimeters  itntl  8ub-inudds 

The  primary  geophysical  and  clcctiumagnctic  quantities  describing  tiic  coitli  ioiiusphcrc 
waveguide  affect  the  pitasc  of  the  signid  ladlated  by  a  giound  based  sotiice.  llic  ctfcwls  uccui  us  the 
result  of  wave  interactions  with  the  waveguide  buuiiduiics  wIh.sc  j)io)tciiics  ate  defined  b> 

•  Gtoiind  lomiucilylls  fV'/./'}  •  — uvci  the  cnilic  path 

•  Gconui^ncllcjlclil  yvL  io/  (/i!  D  tcglnn  allUiulti)  in  iiild  piiih  legions 

•  Path  orlvnldtlon  ■—  in  mid  jnnh  icgloii 

•  I'.JfiH  liyy  hmsplieiii  rcjhdhn  hylghi  —  In  mld-jialli  icglon, 

Over  must  ul  the  tangc  of  giouiid  cuiiduclivity  values,  luwci  giuuiid  conducijvlties  lend  to 
increase  the  pliasc  above  its  nominal  bciiavloi  foi  both  the  mid  paili  and  end  jaitli  legions,  'ihe 
component  of  tlie  geomagnetic  field  veeiui  that  [aedomlnanily  aficels  phase  vai  lailoi!  is  the  "dip"  angle, 
i,c„  tlic  angle  of  the  field  vcctoi  below  the  lioii/on  (see  l  ig.  9.5  -1}.  VV.ili  a  dipole  model  ul  (he 
geomagnetic  licld  (see  l  ig.  9.5-5},  a  one  tu  oiie  lelutioiiship  cslsis  bclV'cen  ine  dip  angle  and  the 
geomagnetic  liiiitude  for  a  given  locailoii,  AiiotlM.'i  paianielei  closely  associated  with  the  geomagnetic 
latitude  is  the  direction,  or  bearing  ol  a  palti  with  icspcci  to  gromagnetl  iioilh  tscc  I  Ig  9. .5  d},  'I  lie 
effective  ionospheric  height  iui  wave  icllection  is  not  an  explicit  paianicici  but  is  so  inijHiiiaiit  i|mi  the 
phase  vuriatiun  liuiii  tlie  iiomiiial  is  scpaiutcly  mudcled  loi  vailous  valuck  ul  lielghi,  I'iji  exuini>le,  the 
phase  bchavloi  as  a  fuacllim  of  gcumagnctlc  latitude  and  bcailiig  Is  veiy  dllleient  loi  lonosplieilc 
lieiglus  associated  with  day  and  njglit,  In  ccituln  spatial  legH'iis,  (lie  ellectlve  lu(!osj>lieijc  icllection 
liciglits  diverge  widely  liuiii  "normid"  sidues  so  llial  scpaiaie  tuiiciioiial  hcliavjoi  is  specllied.  'I he 
auroral  /ones  ami  jmlai  caps  (.sec  Mg,  9,5  0}  me  examples  ol  legions  with  lomispliciit  lielghis  (hat 
icijuirc  special  dcsciijiiions  ol  poasc  bcliavioi, 


Figure  9,5-6  Effective  Auroral  Zone  for  VLF  Propagation 


Because  the  analytical  form  of  the  signal  phase  behavior  in  terms  of  the  boundary  parameters 
obtained  from  theoretical  models  is  quite  complex,  sub-models  have  been  developed  to  simplify  and 
isolate  the  phase  dependence  in  terms  of  one  or  two  geophysical  and  electromagnetic  boundary 
parameters.  The  basis  for  this  simplification  is  that  the  wave  number  and  excitation  factor  phase 
appearing  in  Eq.  9.5-2  are  fairly  well  approximated  by  reference  or  nominal  values,  e.g.,  IcqL 
approximates  the  cumulative  phase  over  a  path  of  length  L  is  the  free-space  wave  number)  to  within  a 
few  percent  when  the  signal  is  Mode  1  -dominated.  For  the  conditions  under  which  this  approximation  is 
reasonable,  first-order  corrections  to  the  wave  number  and  excitation  factor  phase  may  be  used.  To 
clarify  this  procedure,  suppose  that  the  wave  number  for  a  given  segment  is  a  function  of  one 
lower-boundary  parameter  (ground  conductivity,  a)  and  one  upper-boundary  parameter  (dip  angle,  I,  of 
the  geomagnetic  field  vector  with  respect  to  the  local  horizon).  Then,  to  first  order,  the  wave  number  is 
expressed  as 

^  +  (i)„  (Iflo  ^  (‘'•5-3) 
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where  kQ  is  the  wave  number  for  some  initial  conditions  (c.g,,  ;,cawatcr  conductivity,  /crodiji  iiitglc),  the 
partial  derivatives  of  wave  number  (evaluated  at  the  initial  conditions)  arc  delcrmincd  fioiii  llicoictlcnl 
calculations,  and  A/  arc  incremental  changes  in  conductivity  and  dip  angle,  respectively, 

In  actual  practice,  the  “first-order"  terms,  c.g.,  the  second  and  third  terms  of  isq.  V,S-3,  arc 
obtaineu  using  entities  known  as  sub-models,  A  Mib-model  describes  the  ihcurcliciil  plinsc  vtiriation 
(from  the  reference  value)  due  to  one  or  two  gcophysiral/clectroinagncllc  boundaiy  pafainctcis,  'lo 
facilitate  the  calculation,  the  dcbcription  is  given  in  Icniis  of fiimlUjHul  forvn,  wiilcit  ujc  aiialyiiw  ui 
tabular  functions  approximating  ibc  indicated  theoretical  bchavloi,  This  approxinialion  enut  and  the 
linearization  error  implicit  in  Ivtj.  9,5-3  is  at  least  paHly  accounted  lot  hy  llntar  inuilcl  mijju  tents  thnt 
multiply  each  functional  form.  'I'hc  sub-models  arc  thus  iinplcmcnlcd  us  llic  produi;!  of  ilic  funwlloniil 
forms  and  the  linear  model  cocfricicnts,  The  linear  model  cocdicicnts  ate  dclciiniiicd  by  coiiiput  itig  the 
cxprcs.sion  for  the  model  prediction  v/itb  the  observed  phase  data.  Once  dclciiiiiiicd,  Ibe  Ilncai  mode! 
coefficients  indicate  the  relative  contribution  of  (he  ussociated  sub  ntodcl  to  the  lolul  pliuse  vailiUiun, 

rirsi,  consider  the  sub-models  associated  with  the  wave  numlrci  (I  c,,  those  dcpcndini;  on  path 
length)  in  Eq,  9,5-2,  Motivated  by  Eq.  9,5-3,  the  wave  nunibei  I'oi  the.  /"'  scginciil,  A,,  l»  cspiessed  In 
terms  of  the  sub-models  associated  with  each  appropriate  geopliysical/elvclioiiiiigiiclK'  I'aiaiiietei.  I  c,, 

At)/  +  j 

J 


where  A'o/  is  the  reference  wave  miml»cr  at  segment  I,  A^  U  the  wave  number  lui  the  /*'  sub  model  at  llie 
/'*  segment  and  the  sum  is  over  all  siib  inodeU  apjdlcable  to  segment  /,  'I  Inis,  Inj,  9,5  2  betumes 

“  Z  Z  Z  ■*  (9..5  5) 
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Tor  the  mid  path  segments,  (he  wave  mimbci  sub  models  arc  obiaincd  from  pic’jsc  calcuhiiiuiis  al 
Mode  1  signal  parameters,  specifically  phase  velotliy.  Hots  (n  luhiilatlonsol  Mode  I  phase  velocity  (n) 
arc  usually  in  terms  of  the  relative  phase  vcloclly  vailiitloii  (fium  llie  liec  sj>'nc  wave  piopiigatlun 
velocity)  per  unit  wavelength,  l,c,, 

(v/<  -  D/A 


where  C  is  tlie  speed  of  liuhl  (tn  Vili'U/iS  iiml  X  il,  llie  liee  kinu  n  u/iu  eleiinlli  rkee  Mil  0  S  7  I  'I  lilk  llu 

•  1'  '  .  ' . . . - - .  .p-  -  ,  . . ^ 

(which  has  wave  number  iinli/i)  Is  computed  us  a  fimctlon  of  tli':  gcopliyslcal  |iiii(iiiie!eits)  jisso!.la!c'd 
with  cacli  suh-modcl,  Tlie  liiiKtional  foiiiis  aic  uhiiiiiied  as  iippio.sliiuiiloiis  (Kivolvliig  one  oi  iiioic 


a  uw 

V  M  yj 


OfUfjikiMirik  lifirlng  (dfii 

ViS"?  l^*iV  VVItfcliy  VHilii|lu(i  Over  .SciiWulej  iis  t\  1  ujiCtion 
ul  (icoiii.ijiMiclIc  l.tlihudc  iiiul  Meurit)]^;  'riicoty-basccl  I'Int 
(wkI  5ul<  Miudcl  Appioxlinutlon 

"niMij'k"  fuiKlktii^)  (0  llic  t'uiiij.iiicd  Unlit,  I'lgtuc  y,5*7  pMivIdcii  a  simple  example  of  a  bub-modcl 
iipj>itixlmiili"(i  liillic  llicoi  clival  bcliavltn  of  day  pliinic  vclocily  varlaiiun  over  hcawaici  a.^  a  Uinctionof 
Kcoiiiii^iiclU-  bcailiiy,  ijhi,)  ami  lalliudc  {0,„)  for  Pm  >  180",  A  xlmllar  form  is  ubiained  for  flm  <  180", 
id(||tnj^b  !lic  value  of  llic  vulibiallofi  cotislani  (  j  would  t'liaii^ic.  Hcculliiir'.  thal  a  sub-model  is 
Susplcjiicni'jd  !!s  ihe  piuduvi  of  liiscm  iisodc!  cot'!!!v!c!!t  anti  a  funL’iiuiiu!  furn!;  a  phuse  velocity 
Mil)  tiM‘dcl  III  kcptmviil  I  is  cxj'icsscd  ns 

cr,  -  (v,/i  -  D/A  -  (v,/i-  ~  iMo  (0.5-6) 

wlieic  C  is  Ihe  lliieai  iiiudri  tuffUilciil  (In  uiills  of  cyclcs/Mc^amclerfMm))  ussociated  wilh 
illiiH'lislulilcss  fuiit;(|oiiii|  foini  /'Dl>a^'in|:  mapiniludc  between  Oand  Devaluated  at  path  segment  i,  and 
/(,,  lla*  live  lipiii  c  wave  miinliei,  Is  the  ietl[)i'italuri}ic  wavcleiigth,  A  'Die  wave  iiumber corresponding 
(')  j)liii'.e  vel'icliy  V,  Is  A,  «  J/v,  wlieie  J  Is  tlic  slgniil  ficquency.  Using  this  relationship  and  liq.  9,5-6 
yields 


y  48 


(9,5-7) 


Now,  the  phase  velocity  v,-  appearing  in  Eq.  9.5-6  is  typically  close  to  c,  e.g.,  for  daytime  north-south 
paths  over  seawater,  v,  is  about  1 .004  c.  As  a  result,  the  magnitude  of  u ,•  /c  -  1  is  typically  much  smaller 
than  1  so  that  Eq.  9.5-6  implies  that  CF,- «  fcg.  With  this  result,  the  denominator  of  Eq.  9.5-7  may  be 
expanded  to  yield 

ki  =  fcod  -  CFjkQ  +  ...)  (9.5-8) 


Thus,  to  a  good  approximation,  is  given  by  general,  there  are  a  number  of  phase  velocity 

sub-models,  e.g.,  those  associated  with  different  ground  conductivity  values  or  ranges  of  geomagnetic 
bearing.  Thus,  Eq.  9.5-8  is  generalized  to  the  form 


K  =  to -J^Cj  F„ 
j 


(9.5-9) 


where  the  sum  is  over  the  phase  velocity  sub-models  applicable  to  segment  i.  Comparison  of  Eqs.  9.5-4 
and  9.5-9  suggests  the  use  of  the  free-space  wave  number  kQ  as  the  reference  wave  number.  The 
comparison  also  indicates  that  k^j  =  -  Cj  F^j  so  that  Eq.  9.5-5  becomes 

4>  =  kQ  Cj  Fy  Ar^  +  (Pe  (9.5-10) 

i  J 


where  L  is  the  path  length.  The  phase  due  to  the  ground-wave  sub-model  is  a  function  of  path  length  and 
thus  also  may  be  expressed  as  a  wave  number  form  (Eq.  9.5-9). 

The  excitation  factor  phase  is  not  a  function  of  path  length  but  has  a  relationship  to  the  excitation 
sub-models  which  is  similar  to  that  for  the  phase  velocity  sub-models.  Thus,  precise  calculations  of 
Mode  1  signal  parameters  also  include  excitation  factor  phase  as  a  function  of  the  appropriate 
geophysical  paiamelers  such  as  ground  conductivity  and  path  bearing  (geomagnetic).  Approximations 
to  these  functional  relationships  by  simple  functions  or  data  tables  give  the  functional  forms  for  the 
excitation  sub-models.  Thus,  for  the  excitation  functional  form  and  the  segment 

^ij  “ 


where  the  prime  indicates  quantities  (linear  model  coefficients  and  functional  fonns)  belonging  to  the 
excitation  sub-models.  Thus,  Eq.  9.5-10  becomes 

0  =  ^0  L  -  2  ^  Cy  FijAr^  +'^Cj  Fij  (9.5-11) 

<■  j  J 
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9.5.4  Sub-model  Domains 

As  noted  above,  the  wave  field  associated  with  the  transmitted  signal  and  sensed  by  the  Omega 
receiver  interacts  with  the  earth’s  surface  and  ionosphere  (the  waveguide  boundaries)  in  a  way  that 
depends  on  the  relative  path  position.  Path  domains  are  those  portions  of  the  path  that  have  similar 
wave-boundary  interactions  and  therefore  invoke  the  same  sub-models.  The  domains  are  referenced  by 
the  type(s)  of  sub-models  invoked  therein,  i.e., 

•  Ground-wave  domain 

•  Excitation  domain 

•  Phase  velocity  domain. 

As  shown  in  Fig.  9.3-4,  the  ground-wave  domain  comprises  the  two  end-path  regions.*  Since,  in 
this  domain,  the  wave  only  interacts  with  the  earth’s  surface  (the  lower  boundary  of  the  earth-  ionosphere 
waveguide),  the  corresponding  sub-models  depend  only  on  ground  conductivity.  Table  9.5-1  (from 
Ref.  8)  lists  the  ten  conductivity  levels  and  corresponding  conductivity  values  (in  mho/m)  which  are 
believed  to  adequately  characterize  the  worldwide  surface  conductivities  at  VL.F.  Also  listed  are  the 
coiresponding  permittivity  values  relative  to  the  permittivity  of  free  space. 

Table  9.S-1  Earth’s  Ground  Conductivity  Levels  and 

Associated  Conductivity/Permittivity  Values 


LEVEL 

CONDUCTIVITY 

(mho/m) 

RELATIVE 

PERMITTIVITY 

1  (Ice  Cap) 

1.0x10-5 

10.0 

2 

3.2x10-5 

10.0 

3 

1.0x10-^ 

15.0 

4 

3.2x10-^ 

15.0 

5 

1.0x10-3 

15.0 

6 

3.2x10-3 

15.0 

1 

1.0x10-2 

20.0 

8 

3.2x10-2 

20.0 

9 

1.0x10-1 

45.0 

1 0  (Seawater) 

4.0 

81.0 

The  size  of  the  ground-wave  domain  is  fixed  in  most  PPC  models  but  in  the  1993  PPC  model,  the 
extent  of  this  domain  varies  with  the  local  illumination  condition.  This  is  because  the  point  of  interaction 
between  the  Mode  1 -launched  wave  and  the  ionosphee  (see  Fig.  9.5-3)  depends  on  the  ionization 
profile  of  the  local  ionosphere,  i.e,  the  effective  wave  reflection  height  at  the  point  of  interaction.  Thus, 


*In  some  of  the  PPC  Model  literature,  the  end-path  region  n“ar  the  Uai/smitter  i,s  called  the  excitation 
region  and  the  end-path  region  nem  the  receiver  called  the  de-excitation  region. 
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the  point  of  wave-ionosphere  interaction  depends  on  the  local  time  at  or  near  the  interaction  point.  As  a 
result  of  this  dependence,  the  distance  from  the  transmitting  station  (or  the  receiver)  to  the  first  wavc- 
iono.sphere  interaction  point  typically  ranges  between  350  and  850  km,  The  precise  range  of  this  interac¬ 
tion  point  is  an  implicit  parameter  in  the  ]<393  PPC  Model  and  is  discussed  further  in  Section  9,5.6,  A 
simple  bias  sub-model  is  invoked  in  this  domain  (and  in  all  other  domains)  to  align  the  ?;cro-point  of  the 
diurnal  phase  with  the  nominal  wave  number. 

In  the  1980  PPC  Model,  the  ground-wave  domain  extends  to  about  700  km,  independent  of  the 
local  illumination  condition.  In  this  regime,  a  “base  velocity"  sub-model  is  invoked  which  is  similar  to 
the  1993  bias  sub-inodcl  in  the  sense  that  it  serves  as  a  correction  to  the  nominal  phase.  In  an  earlier 
version  of  the  1980  model,  a  long-term  year-dependent  .sub-model  was  also  ins  ,kcd  in  this  domain. 

Table  9,5-2  compares  the  ground-wave  sub-models  for  the  1993  and  1980  PF’C  Models,  This 
table  indicates  the  ponion  (path  segment)  of  tlic  domain  in  which  each  type  of  sub-model  is  invoked,  the 
type  of  functional  form  used  for  the  sub-model,  and  the  intended  effect  captured  or  described  by  the 
sub-model.  In  the  1993  PPC  Model,  the  cumulative  ground-wave  phase  is  well-approximated  by  a  lin¬ 
ear  function  of  distance  (sec  Pig,  9,5-8)"',  so  that  the  functional  form  (itf'okcd  at  each  segment;  is 
constant. 


Table  9.5-2  (Jround-wuvc  Suh-niodels 


r  8ub-Mo(f«l 

1  Citogory 

Wh«r«  . . 

Typ*  of 

Puncifonol  Form 

effoot  Copturtd 
by  8ub-mod»l 

198U 

Modtl 

1 

All  iegm'',i|i 

‘Oato  vtiocli/'  tarm;  ilrnllar  to  blai  tarm  in 
109.1  PPC  Modal’ 

1993 

1 

Conitant 

Oround-wava  phaiv  contrlbutinn  tor  tach  ot 

7  conductivity  Invali 

ModsI 

■ 

'Dial  tarm'  tor  corraciion  to  trve  spnea  wnva 
nurribar  rtitranca’ 

*  Sub-modol  dooa  not  ilrlclly  doicrib*  ground-wivo  phai*  conirlbulloni;  It  rcprtjenH  o  pattflBnglti-ciopsndarii  bloi 
common  to  all  domolni, 


Thccxcitution  domain  comprises  that  region  of  a  path  where  the  Mode  1  -launched  wave  first  (or 
finally)  sets  up  the  field  structure  which  characterizes  its  general  behavior  in  the  carth-ionosphcrc 
waveguide,  'I'lie  nomenclature  derives  from  the  waveguide- mode  model  of  VLP  wave  propagation  in 
which  a  source  wave  is  “excited"  (to  various  dcgrec.s)  in  the  cai  tli-ionosjjhcre  waveguide,  'I'hc  clcgrcc  of 
cxciialiun  depends  on  the  signal  wavclcngth/frcquency,  the  .size  (height)  of  the  waveguide,  .uid  the 

*ln  Pig.  9.5-9  (from  Kef,  14),  the  ground-wave  phase  is  j)lottcd  as  a  futiclion  of  logai  ilhmic  disliiiicc; 
as  a  function  of  linear  distance,  however,  the  phase  behavior  is  very  nearly  lincai, 


electromagnetic  properties  of  the  internal  medium  and  the  boundaries  of  the  waveguide.  Thus,  an  ex¬ 
citation  phase  is  said  to  be  introduced  in  the  propagated  signal  field  where  the  wave  first  “sees”  the  iono¬ 
sphere.  Reciprocity  arguments  show  that  an  excitation  phase  is  introduced  near  both  the  transmitting 
source  and  the  receiver. 


I'  igiirc  9.5*8  Ground-wave  (Norton  Surface  Wave)  Phase  over 
Seawater  a.s  a  Function  of  Distance  from  Source 

For  the  1 993  PPC  model,  the  excitation  domain  is  taken  to  be  the  segment  within  each  end -path 
region  which  borders  the  mid-path  region  (see  Fig.  9,3-4).  At  these  segments,  the  Mode  1- 
launchcd  wave  begins  (or  ends)  its  local  interaction  with  the  ionosphere,  Thus,  the  excitation  sub-mod¬ 
els  exhibit  a  coupled  depe.idcncc  on  the  ground  conductivity  and  the  iono.sphcric  parameters,  including 
geomagne  tic  latitude  and  bearing,  “Coupled"  means  that  the  sub-model  functional  form  cannot  be  writ¬ 
ten  as  a  product  of  functions  which  depend  only  on  one  of  the  parameters,  c.g., 
I'l  {a,  I)  ni  gf/7)  /;(/)  =>  £7  and  /  are  coupled  with  respect  to  f)  where  a  and  1  are  the  ground  con¬ 
ductivity  and  magnetic  dip  angle  used  in  Eq.  9.5-3. 

'J'hc  excitation  domain  for  the  1980  PPC  model  includes  the  entire  end-path  region.  The  ground 
conductivity  throughout  both  end-path  regions  is  assumed  to  contribute  to  the  excitation  of  the  signal, 
altliougli  the  iono.sphcric  contribution  is  computed  at  isolated  points  in  the  end-path  regions.  Thus,  the 
conductivity- depciulenl  excitation  sub-model  (which  is  dc-couplcd  from  the  ionosphere-dependent 
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forms)  is  summed  over  each  end-path  region  but  invoked  at  the  segments  bordering  the  mid-path  region. 
The  excitation  sub-models  which  depend  on  the  geomagnetic  field  quantities  (geomagnetic  bearing  and 
dip  angle)  are  invoked  at  the  second  and  next-to-last  segments  of  the  path.  The  excitation  domain 
sub-models  for  the  1980  and  1993  PPC  Models  are  compared  in  Table  9.5-3. 


Table  9.5-3  Excitation  Sub-models* 


Sub-Model 

Category 

Where  Invoked 

Typo  of 

Functional  Form 

Effect  Captured 
by  Sub-model 

1980 

Model 

1 

Last  segment  in  xmtr.  endpath 
region  and  last  segment  In  rcvr. 
end-path  regions 

Power-law  dependence  on  conduc¬ 
tivity  level  (1-10)  averaged  over 
end-path  region  segments 

Excitation  factor  phase  due  to  ground 
conductivity  throughout  each  end-path 
region 

2 

Second  path  segment  and 
next-to-la$t  path  segment 

Constant 

Separate  bias  term  for  excitation  factor 
phase  dependence 

3 

Bilinear  combinations  ofy^n,  and  /  for 
various  ranges  oifim 

Mode  1  excitation  factor  phase  due  to 
geomagnetic  field  (fim  and  /) 

1993 

Model 

1 

Last  segment  In  xmtr.  endpath 
region  and  first  segment  in  rcvr. 
end-patit  region 

Constant  and  Fourier-type  functions 
of/J^andem 

Mode  1  excitation  factor  phase  behavior 

In  terms  of  6m  and  Om  for  day  and  night 
at  each  of  7  conductivity  levels 

2 

Products  ol  Fourier-type  functions  of 
and  6m 

Mode  1  excitation  factor  phase  behavior 
In  terms  of  fim  and  6m  for  day-only  at 
each  of  7  conductivity  levels 

3 

Products  of  Fourier-type  and 
Gaussian  functions  oifim  and  Bm. 

Mode  1  excitation  factor  phase  behavior 
In  terms  ot  pm  and  Bm  for  night-only  at 
each  of  7  conductivity  levels 

*  In  this  table,  is  the  geomagnetic  bearing  measured  clockwise  trom  geomagnetic  north;  0m  Is  the  geomagnetic  latitude  assuming  an 
earth-centered  dipole  representation  of  the  geomagnetic  field;  /  is  the  dip  angle  (see  Fig.  9.3-6). 


S  Sub-model  Is  actually  computed  over  each  complete  end-path  region  but  Invoked  (i.e.,  Included  In  the  phase  calculation)  at  segments 
bordering  the  mid-path  region. 


For  the  vast  majority  of  paths  used  in  navigating  with  Omega  signals,  the  phase  velocity  domain 
constitutes  more  than  80  percent  of  the  path.  This  domain  corresponds  to  the  mid-path  region  (see 
Fig.  9.3-4)  where  the  signal  interacts  with  both  the  ionosphere  and  the  earth’s  surface.  In  this  domain, 
the  phase/unit  path  length  is  specified  by  the  wave  number,  as  in  Eq.  9.5-1. 

In  the  1993  PPC  Model,  there  are  two  kinds  of  phase  velocity  sub-models:  those  that  depend  on 
ground  conductivity  and  those  that  do  not.  For  the  conductivity-dependent  phase  velocity  sub-models, 
the  phase  variation  (through  the  wave  number  or  phase  velocity)  depends  on  three  coupled  parameters: 
ground  conductivity,  geomagnetic  latitude,  and  geomagnetic  bearing.  This  coupling  increases  the 
number  of  phase  velocity  sub-models  required  for  characterization  of  the  phase  variation,  although  the 
increase  is  partially  compensated  by  limiting  the  number  of  effective  conductivity  levels  to  seven.  The 
conductivity-independent  sub-models  are  those  that  describe  the  local  wave  number  behavior  in  spatial 
regions  having  “anomalous”  ionospheric  height  profiles,  i.e.,  the  auroral  zones  and  polar  caps. 
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The  coupling  between  the  conductivity  and  ionospheric  parameters  is  assumed  to  be  weak  in  the 
1980  PPC  Model,  so  that  separate  sub-models  are  specified  for  conductivity  and  other  parameters  in  the 
phase  velocity  domain.  Because  of  the  strong  coupling  between  the  dip  angle  and  geomagnetic  path 
bearing,  however,  the  corresponding  sub-models  are  coupled  in  the  1980  PPC  Model.  The  sub- models 
for  the  auroral  zones  and  polar  caps  are  identical  for  the  1993  and  1980  PPC  Models.  Table  9.5-4  pro¬ 
vides  a  comparison  of  the  phase  velocity  domain  sub-models  used  in  the  1980  and  1993  PPC  Models. 


Table  9.5-4  Phase  Velocity  Sub-models* 


Sub-Model 

Category 

Where 

Invoked 

Effect  Captured 
by  Sub-model 

1 

All  segments 

Constant 

"Base  velocity”  term;  similar  to  bias  term  in 
1993  PPC  Models 

2 

All  segments  in  mid-path  region 

Products  of  Fourier-type  functions 
oiBm  and  power-law  functions  of 
(0.9-0.5731/1) 

Mode  1  phase  velocity  (wave  number) 
behavior  in  terms  of  Pm  and  /for  seawater 
cond. 

1980 

Model 

3 

Constant 

Phase  velocity  (wave  number)  variation 
(from  seawater)  at  each  of  7  cond.  levels 

4 

Segments  with  18^1  >  1  radian 

Gaussian  forms  centered  at  2  de¬ 
values  with  same  effective  widths 

Auroral  zone  ionospheres  at  Idml  =  65"  and 
69"  with  the  same  1  -o  width  of  2° 

5 

Segments  with  \9m^  >  1  '0821  radian 

Linear  form  Increasing  toward 
pole 

Pola"  Cap  ionosphere  increasing  in  height 
poleward  from  i^ml  =  62" 

1 

Constant 

“Bias  term”  for  correctioo  to  free-  space 
wave  number  references 

2 

Constant  and  products  of  Fourier- 
type  functions  of  fim  ®rid  9m 

Mode  1  phase  vel.  (wave  number)  behavior 
in  terms  of  Pm  and  Om  for  day  and  night  at 
each  of  7  conductivity  levels 

1993 

Model 

3 

All  segments  in  mid-path  region 

Products  of  Fourier-type  functions 
of^eandde 

Mode  1  phase  vel.  (wave  number)  behavior 
in  terms  of  Pm  and  9m  for  day-only  at  each 
of  7  conductivity  levels 

1 

Products  of  Fourier-ty  pe  functions 
of  Pm  arid  exponential  functions  of 

Mode  1  phase  vel.  (wave  number)  behavior 
in  terms  of  Pm  snd  9m  for  night-only  at  each 
of  7  conductivity  levels 

n 

Segments  with  10^1  >  1  radian 

Same  as  1980  PPC  Model 

LL 

Segments  with  >  1  0821  radian 

*  In  this  table,  Is  the  geomagnetic  bearing  measured  clocKwise  from  geomagnetic  north;  dm  is  the  geomagnetic  latitude  assuming  an  earth- 
centered  dipole  representation  of  the  geomagnetic  field;  /  Is  the  dip  angle  (see  Fig.  9.3-6), 

S  Sub-model  does  not  strictly  describe  phase  velocity  contributions;  rather  it  represents  a  path-length  dependent  bias  common  to  all  domains. 


9.5.5  Time  Dependence 

Up  to  this  point,  the  discussion  of  the  PPC  model  structure  has  primarily  focused  on  the  “spatial” 
component  of  the  predicted  phase  calculation.  For  the  boundary  parameters  of  interest  at  Omega 
frequencies,  the  time  dependence  is  introduced  solely  through  the  action  of  solar  illumination  of  the  ion¬ 
osphere.  The  only  time-dependent  quantities  mentioned  so  far,  the  effective  ionospheric  reflection 


9-54 


height  and  the  extent  of  the  ground-wave  regions,  are  dependent  on  the  local  solar  illumination.  Thus, 
the  sub-models  which  depend  on  the  ionospheric  height  (i.e.,  those  in  the  phase  velocity  and  excitation 
domains)  contribute  to  the  time  dependence  of  the  predicted  phase.  Because  Omega  paths  are  typically 
long  and  the  phase  variation  is  highly  sensitive  to  the  local  illumination  condition  (or  ionospheric 
height),  the  time  variable  is  of  equal  importance  to  the  space  variables  in  the  prediction  of  signal  phase. 

The  excitation  and  phase  velocity  sub-models  described  in  Section  9.5.5  contain  approximate 
forms  for  the  components  of  the  signal  phase  as  a  function  of  one  or  more  geophysical/electromagnetic 
parameters.  As  derived  from  theory,  these  sub-models  are  given  for  two  extreme  states  of  the 
ionosphere: 

•  Local  maximum  day  (sun  directly  overhead) 

•  Local  maximum  night  (sun  directly  overhead  at  the  antipode  (opposite  point  on  the 
earth)). 

For  intermediate  states  of  the  ionosphere,  special  functions  (known  as  evolution  or  diurnal  functions) 
appropriately  combine  the  above-defined  local  maximum  day  and  local  maximum  night  sub-models. 
These  intermediate  states  correspond  to  different  times  of  day/year*  in  which  the  relative  earth-sun 
position  causes  different  ionization  profiles  in  the  ionosphere.  The  functional  forms  for  local  maximum 
day  and  local  maximum  night  are  sometimes  very  different  and  sometimes  the  same,  depending  on  the 
functional  behavior  of  the  phase  in  terms  of  the  underlying  geophysical  parameter.  The  linear  model 
coefficients  for  local  maximum  day  and  local  maximum  night  are  nearly  always  different,  however,  to 
capture  the  differences  in  the  day  and  night  phase  behavior. 

To  understand  how  the  day  and  night  sub-models  arc  combined  to  produce  a  phase  prediction  at 
an  arbitrary  time,  a  greatly  simplified  model  is  considered  to  illustrate  and  clarify  the  underlying 
procedure.  This  simplified  model  specifies: 

•  A  single  mid-path  sub-model  with: 

functional  form  Fjy  and  linear  model  coefficient  for  local  maximum  day 
functional  form  F/^and  linear  model  coefficient  Cjv  for  local  maximum  night 

•  A  single  segment  of  length  Ar  for  the  mid-path  located  at  the  equator  during  one 
of  the  equinoxes 

•  An  end-path  region  fixed  in  size  with  no  sub-models  invoked. 

*The  quiet  ionosphere  has  a  relatively  slow  systematic  change  from  day-to-day  (at  the  same  hour)  over 
a  year;  random  day-to-day  fluctuations  about  this  long-term  vaiiation  are  significant,  however,  and 
result  in  a  random  phase  error  of  about  3  to  6  cec. 
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Using  this  simplified  model  and  path,  the  predicted  phase  at  the  receiver  (relative  to  the  phase  of  the 
transmitted  signal)  when  the  sun  is  directly  overhead  (local  maximum  day)  is 

4>d  =  ^NOM  +  Cd  (9.5-12) 

and  12  hours  later  (at  local  maximum  night),  the  phase  prediction  is  given  by 

~  ^NOM  (9.5-13) 

where  is  the  nominal  wave  number  (see  Section  9.2.2 ).  Since  the  phase  velocity  is  greater  for  day 

paths  than  night  paths  (see  Chapter  5),  the  day  wave  number  is  smaller  than  the  night  wave  number  (re¬ 
call  from  Section  9.5.3  that  phase  velocity  =  frequency/wave  number).  Thus,  the  day  phase,  <pjj,  is 
smaller  than  the  night  phase,  by  an  amount  known  as  the  diunml  shift.  If  the  single  sub-model  in¬ 
voked  on  the  single  mid-path  segment  is  chosen  to  be  the  bias  (1993  PPC  Model)  or  base  velocity  (1980 
PPC  Model),  then  =  1.  and  the  diurnal  shift  is  given  by 

4*n  ~  4^d  ~  ~  (9.5-14) 

For  times  other  than  local  maximum  day  or  local  maximum  night,  the  cumulative  phase  for  this  path  is 
given  by 

0  =  ^NOM  +  i<^N  Cd  (9.5-15) 

where/is  an  interpolation  function  that  varies  with  the  solar  zenith  angle,  i.e.,  the  relative  degree  of  solai' 
illumination  on  the  ionosphere  of  the  1-segment  path  (see  Fig.  9.5-9).  Note  that,  for  consistency  with 
Eqs.  9.5-12and9.5-13,thefunction/inEq.  9.5- 15  must  have  the  value  1  for  local  maximum  night  and  0 
for  local  maximum  day.  The  function /is  called  the  diurnal  function  in  descriptions  of  the  1980  PPC 
Model  and  is  related  to  the  evolution  function  defined  by  the  1^;:^3  PPC  Model. 

The  diurnal  function  shown  in  Fig.  9.5-10  for  10.2  kHz  was  obtained  (Ref.  1 1)  by  means  of  a 
simplified  photoionization  model  coupled  with  experimental  observations.  The  function  is  plotted  in 
terms  of  cosx  (x  =  solar  zenith  angle)  and  is  divided  into  three  illumination  categories:  night,  transition, 
and  day.  The  constant  value  (f=  1)  at  night  means  that  no  night  variation  in  phase  is  predicted  by  this 
model  for  local  solar  zenith  angles  (x)  varying  from  180°  (local  maximum  night)  to  about  99°.  A  steep 
decline  in  the  function  occurs  during  transition,  which  is  defined  for  x  =  99°  to  about  74°,  although  this 
latter  number  varies  with  frequency.  During  transition,  a  “dynamic”  diurnal  function  and  sunrise/sunsei 
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Sun 


G-32t49 


I'lgurc  9, 5-10  Diiiinal  1‘unction /in  'I'crms  ot  cos^  (X  *=  Solar  Zenith  Angle)  for  10.2  kll/- 

"duiDjii."  an.'  a'.'io  invoked  in  ih'  1980 1’FC  Model,  The  dynainic  diurnal  function,  g,  is  obtained  from  a 
diflerenliiil  relalion  analogous  to  a  continuity  equation  for  free  clcclrons/ions  in  the  ionospheric 
I)  region,*  'J  lic  "htiilie"  diurnal  function,/  serves  as  the  driving  function  for  this  dynamical  relation. 
Also  ineludcd  iii  the  dynamical  relation  for  g  is  an  impulsive-type  forcing  fuiiction  describing  the 
dyiiamic.s  of  weakly  attached  electrons  which  arc  rapidly  injected  into  the  transition  ionosphere,  'I'hc 

*'J  lie  ciiiitiiuiily  cijiialion  used  as  the  basis  for  this  calculation  assumes  a  linear  electron  loss  dcjien- 
deiicc,  wlieie.t'i  niosi  cuiiciit  work  suggests  a  quadratic  loss  dependence  (.Kef,  12), 
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time  profiles  for  these  injections,  known  as  "dump  sclicdiilcs,"  arc  jpecified  scparaicly  for  sunrise  an<l 
sunset.  During  tlic  day  illuinination,  the  diurnal  function  is  given  by  a  decreasing  linear  function  of 
cos;^,  approaching  zero  for  normally  illuminated  day.  This  portion  ol  the  diurnal  function  (which  has  a 
substantially  smaller  slope  than  that  for  transition)  gives  rise  to  the  familiar  "bowl-shaped"  daytime 
phase  proiilc  for  a  full  (multi-segment)  path  illustrated  In  Mg.  9.2-3. 

Tor  the  1993  I’l'C  Model,  sep.arate  daytime  and  nighttime  evolution  functions  are  defined,  The 
daytime  evolution  function  (/:'/,),  illustrated  in  lug,  9,5-1  la  lor  10,2  kHz,  describes  the  time  variation  of 
sub-models  associated  only  with  daytime  phase  behavior,  while  the  nighttime  evolution  function  (/f/;). 
illustrated  in  Mg,  9,5-1  lb,  describes  the  time  vaiiatioti  of  sub-models  associated  only  with  nigh.ttitne 
phase  behavior.  The  daytime  evolution  function  "turns  on"  at  a  threshold  solar  zenith  angle  XriiH 
98,0’,  which  was  determined  from  analysis  rrf  continuously  recorded  data.  The  steep  rise  between 
X  "  >!(7///r‘nd  “  H‘1,3'’ (cos;i^  **  0,1  '*')isbcllcrlitby  a  linear  function  than  by  the  logarithm  of  a  Chap¬ 
man  function  (as  discussed  in  Kef,  8).  Itc/wccn  x  ®  84,3'^’  and  x  ®  0"'  (cos^  ^  1 ).  the  evolution  func¬ 
tion  behaves  linearly  with  cos^.  su.tgcs.ing  multiple  layers  or  a  broad  spectium  of  pholoioniz.ation 
energies,  'I'he  nighttime  evolution  fuo.cUon  varies  linearly  with  cos;t  from  x  =  180'’  to  x  *=* 
on  observed  "clean"  (Mode  1  -dominant)  nighttime  phase  behavior  and  satellite  data  on  solar  radiation 
scattered  through  the  geocorona  (Kef,  8),  bor  sub-models  which  apply  to  both  daytime  and  nighttime 
iono.sphcres  (same  functional  forms),  the  two  evolution  functions  are  linearly  combined  to  yield 

where  0\  -0,09315  and  Oi  =  0, 1 178,Tliis  form  resembles  the  diurnal  function  when  j^lollcdasa  function 
of  co,s;<. 

As  noted  above,  the  diurnal  and  evolution  functions  depend  on  certain  experimentally  deter¬ 
mined  parameters,  I  'or  the  diurnal  function,  these  include  day  and  night  time  constants,  and  the  sunrise/ 
.sunset  dump  schedule  profile.  The  evolution  functions  depend  on  three  implicit  parameters:  (1)  the 
Ihicshold  solar  zenith  angle,  (2)  the  daytime  iono.sphcric  response  time,  and  (3)  the  nighttime  ionospher¬ 
ic  response  time;  these  arc  a  subset  of  the  more  general  onsct/rccovcry  tiiiie  parameters  (ORTF^)  which 
control  the  time  dependence  of  the  phase.  The  remaining  ORTK  define  the  size  of  the  end-path  regions, 
and  thus  effectively,  the  size  and  position  of  the  ground-wave,  excitation,  and  phase  velocity  domains. 


♦The  breakpoini  for  Ep  (see  Figure  9,5-1  la)  varies  with  frequency;  thus,  for  10,2  kHz, 

El,  i^-osx  =  0,1)  =  0.5850,  for  1  iV.i  kHz,  Fy  (‘-■os;^  =  0,05)--=  0,5850.  and  for  13.6  kHz, 
A/j  {(.:osx  =  0,0)  =  0,5850, 
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Figure  9.5-11  Evolution  Functions  for  10.2  kHz  Used  in  1993  PPG  Model 
9.5.6  Summary  of  Model  Structure 

The  PPG  model  structure  may  be  summarized  by  inspecting  the  general  expression  for  the  path 
cumulative  phase,  incorporating  both  spatial  and  temporal  effects.  The  simple  model/path  considered  in 
Sec.  9.5.6  to  illustrate  the  time  dependence  ofthe  phase,  given  by  Eq.  9.5-15,  is  easily  generalized.  Fora 
model  containing  a  mix  of  separately  or  identically  defined  local  maximum  day  and  local  maximum 
night  sub-models  and  a  multi-segment  path,  the  phase  is  obtained  by  inserting  the  time-dependent  form 
of  Eq.  9.5-15  into  the  time-independent  expression  for  the  phase  given  by  Eq.  9.5-11.  The  resulting 
expression  for  the  predicted  cumulative  phase  for  an  Omega  signal  at  a  given  frequency  for  a  specified 
path  at  time  t  is  given  by 

m  =  V  -  Z  Z  Fd,)  /,«)  +  Fd,]  ^ 

'  j 

'  ^  ‘  (9.5-16) 

In  the  above  expression,  the  first  term  gives  the  free-space  contribution,  which  accounts  for  about  99% 
of  the  cumulative  phase.  The  first  double  sum  specifies  the  contribution  from  the  phase  velocity  domain, 
with  index  i  referring  to  the  path  segment  (and  thus,  indirectly,  the  spatial  coordinates)  and  index  j 
identifying  the  particular  sub-models.  Note  that  the  linear  model  coefficients  for  local  maximum  day 
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(C^))  and  local  maximum  night  are  associated  with  sub-model  j  but  independent  of  segment 
(spatial  position).  The  functional  forms  for  local  maximum  day  (F^, )  and  local  maximum  night  (F;^/^), 
however,  depend  on  both  spatial  position  and  the  invoked  sub-model.  The  diurnal  function,/,  depends 
on  the  time,  f,  and  the  spatial  position  of  the  path  segment  through  the  solar  zenith  angle.  Since  the  phase 
velocity  sub-models  have  the  dimensions  of  wave  number  (and /is  dimensionless),  they  are  multiplied 
by  the  segment  length,  Ar^ .  The  second  double  sum  in  the  above  expression  gives  the  contribution  from 
the  excitation  domain.  This  portion  of  the  expression  is  similar  to  that  of  the  phase  velocity  domain 
except  that  different  (and  far  fewer)  spatial  segments  are  involved  and,  of  course,  the  sub-model 
functional  forms  are  different.  Also  note  that  the  path  segment  length  is  not  included  as  a  factor  since 
excitation  is  not  a  “wave  number-like”  quantity.  The  last  double  sum  represents  the  ground-wave 
domain  contribution  in  which  the  sub-moaels  are  explicitly  time-independent  since  the  Mode 
1 -launched/received  wave  does  not  interact  with  the  ionosphere  in  this  domain.  The  sub-models  in  this 
domain  behave  as  wave  numbers  and  so  must  be  multiplied  by  the  path  segment  length,  Ar^ . 


9.6  PROBLEMS 

9.6.1  Sample  Problem  with  Solution 

1,  An  aircraft  is  flying  due  east  at  400  knots  (nautical  milcs/liour).  An  Omega  receiver 

on  board  the  aircraft  measures  the  phase  of  a  10.2  kHz  signal  transmitted  from  a 
station  located  exactly  southwest  of  the  aircraft’s  current  position.  Assume  that 
phase  measurements  are  effectively  made  every  2  minutes  with  re.spcct  to  a  stable 
oscillator/clock. 

a.  Do  the  successive  phase  readings  increase  or  decrease? 

b.  What  is  the  lane  width  of  the  signal? 

c.  How  many  times  per  hour  would  the  aircraft  cross  lane  boundaries? 

d.  For  fastest  crossing  of  lane  boundaries,  which  direction  should  the  aircraft 
travel  (maintaining  the  same  speed)? 

Assume  that  the  PPG  at  the  first  lane  boundary  crossing  is  5  cccs  and  the  PPG  at  the 
next  lane  boundary  crossing  is  10  cec.s. 

c.  Does  the  phase  measured  by  the  receiver  at  the  second  lane  boundary  crossing 
change  by  more  than  one  cycle  or  less  than  one  cycle  with  '  cspect  to  the  phase 
measurement  at  the  first  lane  boundary  crossing? 

f.  Using  the  free-spacc  wave  number,  find  the  actual  distance  the  aircraft  travels 
when  the  measured  phase  change  i.s  one  cycle, 
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],  Suluiion: 


ii,  Since  llic  fcliilion  U  to  llic  ouulliwcM  ol  the  nitcrnll,  "away"  fnim  (lie  hIhIIimi 
would  cnconmiiii';  nil  ttircfttf!  hctiditi^*  ncifihwdit  (515*;  clockwlitd  »hroi!Kli 
kOulhcaM  ( 1 3.V).  'I  he  ulrernfi  i*  ticad'hg  cfl»i  wlik'h  i»  wHhli*  Ihi^  range  and  so 
i)i  moving  asvny  from  (he  kinilori,  Since  Ihc  uircrafi  recelvrr  itirajturcft  {diaikC 
with  rcftpcct  to  tx  Ktablc  clock,  the  |iha«e  will  be  curteci  to  within  an  additive 
conKtnnt.  Thu»,  the  phone  reading  (proportional  to  dlnlancc  within  on  additive 
conilont)  will  Incrconc  an  the  aircraft  movei  oway  frorn  the  ilollon 

b,  J'ur  tliin  "direct  ranging"  caw,  the  lanewidth  in  junt  the  (lee  kpace  ilgnol 
wavelength,  which  in  juni «  //,  whcic  i  in  (he  apecd  of  light  iii  fice  ipiiLe  iijidy  In 
the  frequency  'i  hun,  for  tliln  tU,2  kll/  lignal, 

lanewidth  ^  (2,90793  K  10'  ki'i/nci)  /  KUtkJ  11/ 

■  29,391 5  kin 

c,  Since  the  ktiition  In  anniinied  to  have  an  exact  koiithwent  ^eatlng  (22,5’*)  (mmii 

the  aiicra((,  tlic  lane  luiundaOek  (linck  of  conktani  laiige)  uic  lot.ally 
anproxlniiiicd  by  ktralghi  linekcxiendiiig  fiom  kooiliertni  (IVS'';  to  mntliweii 
(315*).  Since  the  nirctaft  in  headed  due  eakt,  it  crokick  the  lane  buuniiniiek  at 
43*1  ko  tiiat  llie  djkiahce  lu’iweei!  hine  boundaijrk  in  (ltinew'|*hh)  >  ,  wheie 

tlic  lanewidili  in  computed  in  ((»;.  In  teinik  ol  kni/lii,  liic  unciali  kpecil  ?40,K 
ko  that  the  mimbci  ol  lane  boundaty  ciokking/lioui  Ik 

(740,1  km/lii;/ (29,391 5  )  km  17,8  (I /hi; 

In  other  woidn,  the  aiiciafi  crokkek  a  full  lane  in  kllgh'ly  nioie  iliiin  3  niinrick, 

Since  Ihc  time  cuiiMiinl  Ik  2  minutck,  the  lecelvri  m  nut  likely  lo  illp  lanck. 

d,  The  fakieki  (oi  klioiieit;  ciokklngk  (d  the  lanek  mm  tlioir  with  tiarkn 
per|>endl*'uli\r  to  the  liuie  hotindailek.  Since  the  brne  boundiniek  extend  liom 
kouilieiiki  |((  iioiiliweki,  the  fiikieki  cionking  (ai  liNcd  aiiciall  kprej;  Ik  huiu 
kuuiliwckt  to  iioilliCHkt  Of  iionhcukt  lu  kuuihsvckl 

c,  I'loM!  |',q.  9, 2', 3  (and  me  one  Ininiednil'.’ly  |‘icccdliig  i!  in  Scctlni!  9,?,!;,  Iliv 

nominal  loiiii  of  ilie  meukuteinenik  iii  the  two  kuccekklve  liuic  buuiiditijck  Ik 
(jilinM;  quaiiiltlek  In  cycick)  givett  by: 

0,'  0|  4  /V'C’i  0.05 

*■  04  /'/'C  j  ^  0^  3  0,  |() 

wlicic  Mild  MIC  (he  iMcnMiicd  pliiikc  vuluck  ill  llic  I  Ilk'  iciid  kccond  hinc 
buuiidiiiy  iiuk’iliig,  K'lp'.  cllvcly  'I  liuk 

to  </«.  -  </i.  a  0()^  19.0  h 

e  M  r  f  r  M  r  I 

0/  “01  “0/'  “01'  " 


V  01 


Ol 


19,(.  2; 


Now,  itlticc  the  noiiiinal  phase  values  at  (he  lane  boundaries  differ  by  a  cycle 
(by  definition),  liq.  9,6-2  yields 

-  0,  -  1,0  -  0,05  -  0,95 

'1  lius,  the  measured  phase  values  differ  by  less  than  a  cycle. 

f,  Since  w'c  are  told  that  the  measured  phases  at  the  successive  lane  boundaries 
differ  by  one  cycle,  liq,  9,6-1  yields 

^2'  -  1.0  +  0,05  -  1.05  (9.6-3) 

I'ur  the  ease  in  which  the  aircraft  track  and  the  signal  propagation  differ  in 
diic'.llon  by  an  angle,  0,  liq.  9,2-3  becomes 

-  d»i'  M  k  (/j  -  /  j)  cosO 

'I  liis  result.  Coupled  with  liq,  9.6-3  yields 

^  (''2  “  ''l)  ^  (9.6-4) 

Sltitc  the  wave  iiiuiibct,  k,  may  be  approximated  by  the  frcc-.spacc  wave 
nutnber,  Ay,  and  0  »  45",  liq,  9,6-4  becomes 

1,05  /  (i„  / /2). 

A()  isjusi  the  reciprocal  of  tlte  Ircc-spacc  wavelength  (computed  in  (b)),  so  that 
hq.  9,0-5  becomes 

fi  -  r,  «  1,05  '  (29.3915  km)  •  /2  -  43.64  km 
9i(i,2  rrnhleiMN  10  be  Solved  by  Studenl 

1,  .Sijpi'o.sc  a  icctlvc!  ,1(1(1  a  iiaiiMnltiing  station  (bolh  on  the  surface  of  a  spherical 
car  til)  liiivr  an  aiigulai  sepaiitiiim  of  00". 

a,  What  j.s  the  angular  separation  in  ra(iiiins7 

b,  If  tile  radius  of  the  s|)hcricHl  earth  is  assumed  to  be  6367  krn,  what  is  the 
dl  itiiticf  fin  km)  hclwccn  the  transmitting  station  and  receiver  over  the  surface 
of  the  car  1)1?  This  is  ihc  path  Icngtii, 

If  the  station  transmits  12  kl  l/,  signals, 

c,  I'liul  the  vvuveiength  of  tire  signais, 

d,  bind  shi^  free  tpave  wave  nsmsbci  tor  the  oignals, 

1;,  I'iiul  the  hojiiirial  wave  (lumber  lor  the  signals, 
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f.  What  is  the  nominal  value  of  the  cumulative  phase  at  the  receiver? 

g.  If,  at  a  given  time,  the  exact  PPC  is  known  to  be  zero,  what  is  the  observed 
value  (in  principle)  of  the  cumulative  phase  at  the  receiver  ? 

The  cumulative  phase  can  be  separated  into  an  integer  part  and  a  fractional  part. 

h.  Which  part  can  be  measured  by  a  conventional  Omega  receiver  that  is 
phase-synchronized  to  the  transmitted  signal? 

2.  Suppose  a  researcher  wishes  to  add  a  set  of  sub-rnodels  describing  the  effects  of  a 

Sudden  Ionospheric  Disturbance  (SID)  to  the  1993  PPC  Model. 

a,  To  which  path  domain  would  these  sub-models  primarily  apply? 

b.  Would  other  path  domains  be  affected? 

An  SID  effectively  depresses  the  daytime  ionosphere,  thus  making  the  path  even 

more  “day-like”  than  normal.  Assume  that  the  functional  form  is  taken  to  be  a 

constant  and  the  linear  model  coefficient  is  positive. 

c.  As  a  term  in  the  expression  for  predicted  phase,  what  is  the  sign  of  the  resulting 
sub-models? 

d,  Assuming  the  sub-models  only  apply  to  segments  having  ground  conductivity 
levels  of  7  and  10,  how  many  sub-models  would  be  needed? 


9.7  ABBREVIATIONS/ACRONYMS 


ADI 

D-region 

FPII 

kHz 

km 

LF 

LOP 

LPII 

MASTERFILE 

MPSZA 

NCCOSC 


Anomalous  Data  Idenufication 

Ionospheric  layer  70  to  90  kra  above  the  earth’s  surface  from  which 
OmegaA^LF  signals  are  scattereil/reflected 

First  Point  of  Ionospheric  Interaction 

Kilohertz 

Kilometer 

Low  Frequency 

Line  of  Position 

Last  Point  of  Ionospheric  Interaction 

A  master  database  of  phase  and  phase-difference  measurements 
resident  at  ONSCEN 

Maximum  Path  Solar  Zenith  Angle 

Naval  Command,  Control  and  Ocean  Surveillance  Center 
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NID 

Normal  Illumination  Depression 

ONSOD 

Omega  Navigation  System  Operations  Detail 

ONSCEN 

Omega  Navigation  System  Center 

ORTP 

(Sunrise/Sunset)  Onset/Recovery  Time  Parameter 

PCD 

Polar  Cap  Disturbance 

PPC 

Propagation  Correction 

RMS 

Root  Mean  Squared 

SID 

Sudden  Ionospheric  Disturbance 

SNR 

Signal-to-noise  ratio 

SVD 

Single-valued  Decomposition 

TM 

Transverse  Magnetic  (waveguide  mode) 

UT 

Universal  Time  (short  for  UTC) 

UTC 

Coordinated  Universal  Time 

VLF 

Very  Low  Frequency 

WGS-72 

World  Geodetic  Spheroid  reference  published  in  1972 

WGS-84 

World  Geodetic  Spheroid  reference  published  in  1 984 
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